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EDITORIAL 


Africa’s growing space enterprise 


s the world becomes increasingly dependent on 
satellites and other space technology, new par- 
ticipants from every global region are joining 
the “space club” to reap the benefits—expand- 
ing communication and navigation capabilities; 
guiding policies with Earth observations; devel- 
oping economies through growth in space ven- 
tures; and deepening our understanding of the cosmos 
through exploration. Consequently, countries are focus- 
ing on job opportunities, competitiveness, national se- 
curity, and on having a voice in the global governance of 
space activities. Africa not only has a growing interest 
in space, but African countries are realizing that there 
is strength in pooling their resources and efforts to 
grow the continent’s outer space enterprise. 

In January 2016, the African Union (AU) adopted 
the African Space Policy and Strategy, with the goal of 
creating an integrated African space program that is re- 
sponsive to the social, economic, 
political, and environmental 
needs of the continent. Another 
goal is to develop a regulatory 
framework that supports Africa’s 
competitiveness in space while en- 
suring that Africa is a responsible 
and peaceful user of outer space. 
Two years later, the African Space 
Agency was established to imple- 
ment continental space policy and 
strategy, as well as to oversee the 
support and coordination of space 
programs across Africa. This in- 
cludes facilitating access to space 
resources and services, developing space infrastructure, 
and strengthening space research and development. Such 
aims require local and international cooperation. 

The African Space Agency does face challenges. The 
agency was officially established as an organ of the AU 
Commission, rather than as a specialized agency with 
political and financial autonomy, which limits its op- 
portunities to build international partnerships and 
fund projects. Another challenge is how the agency will 
operate with national space agencies across the conti- 
nent. Fourteen African countries now have established 
national space agencies, and 9 countries have national 
space policy frameworks. Such independent efforts are 
expected to increase over the next few years. The Af- 
rican Space Agency needs to create a framework for 
leveraging the capabilities of each country without con- 
flicting with their national obligations. 

The good news is that intra-African cooperation is 


“past international 
efforts...tended 


to cast Africa asa 
resource for external 
interests...” 


strong and growing. For example, Smart Africa is an 
alliance of 30 African countries that aims to ramp up 
satellite-based internet connectivity. More public-private 
partnerships across Africa intend to bridge equity gaps 
by providing connectivity and enabling access to the 
space market. Another example is the Square Kilometer 
Array (SKA), the world’s largest and most advanced ra- 
dio telescope, currently under development. Nine Afri- 
can countries are collaborating to carry out this project 
(Botswana, Ghana, Kenya, Madagascar, Mauritius, Mo- 
zambique, Namibia, South Africa, and Zambia). Fourteen 
countries from around the world, including South Af- 
rica, constitute The SKA Organisation, which will supply 
funds and technical expertise for the facility. Data from 
the SKA will be used by scientists around the world. 
With a growing space enterprise, Africa must develop 
an indigenous workforce to stay competitive. Already, 13 
African countries have launched 44 satellites at a cost 
of $4.5 billion, with 125 more in 
development. The AU needs to 
accelerate launching the Pan-Afri- 
can University Institute for Space 
Sciences, which is intended to fill 
a pipeline with skilled labor for 
Africa’s space industry. Given the 
current impasse between the AU 
and South Africa, which was given 
hosting rights, the AU should be- 
gin a new process to choose an- 
other host country and quickly 
establish this much needed insti- 
tution. Furthermore, an African 
space education summit should 
be convened to build a strategy to prepare the next genera- 
tion of students to enter all sectors of the space enterprise. 
The African Academy of Science, with its expertise in geo- 
logical, environmental, Earth, and space science, as well as 
policy, is in a good position to start planning that meeting. 
A vibrant space industry is a refreshing change from 
past international efforts that tended to cast Africa as a 
resource for external interests or simply as a continent 
always in need of support. US Secretary of State Antony 
Blinken emphasized that Africa has a choice of coun- 
tries to partner with, and should expect better engage- 
ment, hinting at the need for broad partnerships and 
investments in Africa. The question of what this could 
look like should be put on the agenda at the next US- 
Africa Summit later this year. African nations are now 
in a position to deliver the benefits of space innovation 
to their populations and to the world. 
-Timiebi Aganaba and Etim Offiong 
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44 There should be a mandatory course 
in public health in our nation’s law schools. 99 


Vaccine researcher Peter Hotez about a U.S. district court ruling that struck down the 
Centers for Disease Control and Prevention’s COVID-19 mask mandate on public transportation. 
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The European Space Agency asked Russia to remove a camera experiment from its Luna-25 Moon lander. 


LUNAR SCIENCE 


Europe quits Russian Moon missions 


he European Space Agency (ESA) announced last week it will 

stop partnerships with Russia on three upcoming Moon mis- 

sions because of the war in Ukraine. The agency said it would 

shift instruments scheduled to fly on Russia’s Luna-25, -26, and 

-27 probes to lunar missions planned by Japan and the United 

States. ESA asked Roscosmos, the Russian space agency, to re- 
move an instrument—a camera called Pilot D—that was already in- 
stalled on the Luna-25 robotic lander, which is due for launch later this 
year. The decision came after ESA announced in March it was suspend- 
ing work with Russia on the ExoMars rover mission. 


EPA ups formaldehyde warning 


ToxicoLoay | A long-delayed assessment 
of the health effects of formaldehyde has 
concluded that the widely used chemical 
poses a greater cancer risk than had been 
estimated, which could lead to greater 
regulation. Most people are exposed to 
formaldehyde in airborne emissions from 
the glue in treated plywood and particle 
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board used in buildings. A draft assessment 
12 years ago by the U.S. Environmental 
Protection Agency (EPA) that linked form- 
aldehyde exposure to an increased risk of 
leukemia and other cancers drew objections 
from members of Congress and industry 
representatives, who maintain that products 
containing formaldehyde are safe. The new 
draft, released last week, finds a higher risk 
of myeloid leukemia. In an unusual step, it 


will be reviewed by the National Academies 
of Sciences, Engineering, and Medicine, 
which 11 years ago criticized EPA for not 
clearly presenting its methods in the earlier 
assessment. If the agency formally classifies 
formaldehyde as a carcinogen, EPA could 
tighten restrictions on its use under the 
Toxic Substances Control Act, although the 
regulatory process is slow. 


Sub-subvariants hit New York state 


covib-19 | Two new lineages of SARS- 
CoV-2, descendants of an already rapidly 
spreading spinoff of the Omicron variant of 
concern, have surged in central New York 
state, accounting for more than 90% of infec- 
tions there by 13 April—the first reported 
instance of significant community spread for 
the lineages in the United States, authori- 
ties said. The New York State Department 

of Health said last week that BA.2.12 and 
BA.2.12.1 are more contagious than their par- 
ent, the Omicron subvariant BA.2, and are 
“likely contributing to the rising cases.” As 

of 1 April, infection and hospitalization rates 
in central New York were more than double 
the state average. No evidence so far suggests 
these latest versions of Omicron make people 
sicker, the state said. BA.2.12.1 has a spike 
protein mutation, L452Q, that increased the 
infectivity of a previous variant of inter- 

est, Lambda. BA.2.12.1 was first identified 

in mid-January in Canada, where 63 cases 
have now been found, and a few cases have 
been detected in five other countries besides 
the United States, but only in single-digit 
numbers. More than 1900 U.S. cases have 
been identified. 


U.K. tests antibiotic subscriptions 


DRUG DEVELOPMENT | The United 
Kingdom is moving closer to a world first: 
paying pharma companies a subscription- 
style fee for access to new antibiotics. The 
model is designed to give companies a finan- 
cial incentive to innovate. New antibiotics 
are needed because their widespread use in 
human and veterinary medicine has led to 
the spread of resistant bacteria. But pharma 
companies see little financial reward in 
developing novel antibiotics, which are usu- 
ally held in reserve for cases in which other 
antibiotics do not work, and then given for 
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Volunteers deposit 
recycled oyster shells 
for a reef restoration 
project in Virginia's 
Piankatank River. 


MARINE ECOLOGY 


Rebuilt oyster reefs thrive, benefiting ecosystems 


yster reefs can be restored and gain important ecological 
functions in coastal zones in as few as 6 years and persist, 
according to a long-term study. Oysters filter water, and 
reefs made of their shells provide habitats for young fish 
and other creatures. Beginning in the 19th century, many 
U.S. reefs were overharvested for food, and diseases wiped 
out others. After 2000, publicly and privately funded groups 
expanded projects to rebuild reefs by seeding them with oyster 
shells and larvae—but scientists have typically not monitored 


just a few days. The subscription model pro- 
vides guaranteed income for drugs that have 
been proven efficacious and licensed. A test 
of the subscription model could begin soon 
using two new antibiotics, one developed by 
Japanese drugmaker Shionogi and the other 
by U.S. manufacturer Pfizer. In an impor- 
tant milestone, the U.K. National Institute 
for Health and Care Excellence concluded 
last week that the drugs’ medical value was 
worth paying each company £10 million 
yearly for up to 10 years. Negotiations with 
the companies are underway. 


Team finds Notre Dame relics 


ARCHAEOLOGY | Scientists have discovered 
a trove of significant artifacts and tombs 
beneath the floor of Notre Dame de Paris 
Cathedral, some of which may date to the 
13th century. The excavation was to help 
prepare a section of the floor for scaffolding 
to support the planned replacement of the 
iconic cathedral’s spire, which toppled 

in a catastrophic 2019 fire. The team found 
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10 sarcophagi, which it estimates were 
buried between the 14th and 18th centuries, 
the French National Institute of Preventive 
Archaeological Research said last week in a 
summary. Scientists peeked through a crack 
in one of the vessels using a tiny camera and 
saw a skeleton and what appeared to be fab- 
ric and hair. Scientists plan to conduct DNA 
and carbon-dating tests. The team also recov- 
ered well-preserved painted sculptures and 
many pieces of the medieval rood screen, 
which once divided congregants from clergy 
until it was demolished under Louis XIV. 


Young kids get mystery hepatitis 
INFECTIOUS DISEASES | Scientists are 
investigating an outbreak of severe hepa- 
titis that has sickened dozens of formerly 
healthy young children in Western Europe 
and the U.S. state of Alabama. The viruses 
that commonly cause hepatitis were not 
found in the children, but many were carry- 
ing adenovirus, which usually causes colds 
and conjunctivitis. None was vaccinated 


results for more than a year or two. A research team at the 
University of Virginia tracked dozens of reefs in coastal Virginia 
created by the Nature Conservancy during the past 15 years, in 
work supported by the National Science Foundation’s Long-Term 
Ecological Research program. Many have become just as large 
and densely populated as nearby, surviving natural reefs, the 
team reported this month in Conservation Letters. The rebuilt 
reefs are stable in storms, and mud crabs—which serve as food 
for large fish—are now just as abundant as elsewhere. 


against COVID-19, and several had the 
disease at or shortly before hospital admis- 
sion. At least nine children have required 
liver transplants. 


NSF seeks safer field studies 


#METOO | The US. National Science 
Foundation (NSF) pledged last week to 
better police sexual and other forms of 
harassment at field sites and on research 
vessels, as part of a push on diversity by 
President Joe Biden’s administration. In an 
“equity action plan” released on 14 April, 

the $8.8 billion agency noted that field sites 
and vessels have been associated with higher 
risks of harassment, especially for minorities 
within a field team. It said it would “engage 
in [harassment] monitoring, evaluation, 

and mitigation activities” with its grantees. 
The agency, a major funder of field studies, 
published on 13 April proposed changes 

to its grant awards procedures, requiring 
applicants to submit a written plan for 
maintaining safe, inclusive fieldwork sites. 
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IN DEPTH 


PLANETARY SCIENCE 


Uranus should 
be NASA's 


top target, 
report finds 


Influential survey 
recommends $4.2 billion 


flagship mission to the ice giant 


By Paul Voosen 


fter decades in the shadow of the 

other planets, Uranus should be- 

come NASA’ss focus of exploration, a 

panel of planetary scientists reported 

this week in the field’s long-awaited 

“decadal survey,’ a priority-setting 
report the agency will use to makes its case 
to congressional funders. If the scientists 
get their wishes, NASA in the early 2030s 
will launch a $4.2 billion orbiter and atmo- 
spheric probe to Uranus, seeking to under- 
stand the formation and composition of this 
ice giant. Intermediate in size between the 
rocky planets and gas giants, Uranus and 
its neighbor Neptune “represent a unique 
planetary type that we poorly understand,” 
says Ravit Helled, a planetary scientist at 
the University of Ziirich, one of 130 scien- 
tists who contributed to the survey. 

The decision to favor Uranus over Nep- 
tune came down to celestial opportunism, 
says Robin Canup, a planetary scientist at 
the Southwest Research Institute and co- 
chair of the report, which was overseen by 
the National Academies of Sciences, Engi- 
neering, and Medicine. If launched on a 
Falcon Heavy rocket in 2031 or 2032, the 
orbiter could get a gravity assist from Ju- 
piter and arrive in 13 years; Neptune would 
take far longer. “This mission is technically 
ready to go,’ Canup says. “We advocate that 
it be started right away.’ But whether that 
can happen depends on NASA’ ability to 
manage a budget that has been strained by 
the pandemic and soaring mission costs. 


332 22 APRIL 2022 + VOL 376 ISSUE 6591 


It was Uranus’s turn. The last decadal 
report, in 2011, ranked an ice giants mis- 
sion third, following a set of missions to 
return rock samples from Mars and a visit 
to Europa, Jupiter’s icy moon—projects that 
are now underway or in development. So 
perhaps the survey’s biggest surprise is 
its recommendation for what comes after 
Uranus: a $4.9 billion mission to Ence- 
ladus, a tiny moon of Saturn that spews 
organic-rich plumes of water out of fis- 
sures in an icy cap—ready-made samples 
of a subsurface ocean that might host mi- 
crobes. “Enceladus is probably the best 
place to look for evidence of life that we 
can do today,” says Philip Christensen, a 
planetary scientist at Arizona State Univer- 
sity, Tempe, and the report’s other co-chair. 


Amission to Enceladus—a moon of Saturn that spews 
saltwater into space—was ranked No. 2 by a survey. 


Uranus has not been explored up close since 
a flyby during the Voyager mission in 1986. 


(The recommendation will mark an end 
for plans to put a lander on Europa’s sur- 
face, which had previously been advanced 
as a top future mission.) 

The report also lists targets for a set of 
large missions that scientists can propose 
to NASA, called New Frontiers. Some con- 
cepts are familiar from past surveys: a Sat- 
urn probe, a comet sample return, a lunar 
geophysical network. Others are new: sam- 
ple return from Ceres, the water-rich dwarf 
planet in the asteroid belt; an orbiter and 
lander to a Centaur, one of the small bod- 
ies between Jupiter and Neptune believed 
to capture the composition of the early 
Solar System; an orbiter of Saturn’s moon 
Titan; a Venus lander; and an Enceladus 
plume sampler. (Enceladus’s inclusion in 
two different mission categories stresses 
its importance, Christensen says.) 

NASA should also continue programs 
dedicated to exploring the Moon and Mars, 
the panel recommends. After the agency 
builds the Mars sample return missions, 
the panel calls for it to develop a $1.1 bil- 
lion robotic lander, called the Mars Life 
Explorer, that would drill 2 meters into 
midlatitude ice deposits. 

For the Moon, the panel endorses the Ar- 
temis program, funded by NASA’s human 
spaceflight division, which plans to return as- 
tronauts to the surface. But it suggests science 
should drive the choices of what to do, rather 
than being an afterthought. “It’s not just flags 
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and footprints,’ says Bethany Ehlmann, a 
planetary scientist at the California Institute 
of Technology and co-author of the report. 
The report calls for a $1.5 billion long-range 
large robotic rover called Endurance-A that 
could cover 1000 kilometers, drill 100 kilo- 
grams worth of samples, and return them to 
astronauts who would eventually bring them 
back to labs on Earth. 

Those ambitions will strain NASA’s plan- 
etary science budget, now $3.1 billion per 
year—the highest since the Viking missions 
to Mars in the 1970s. The Mars sample re- 
turn campaign, which will retrieve rocks 
collected by the Perseverance rover, will 
cost more than $7 billion and consume 
one-fourth of the planetary budget in the 
next few years. The cost of Europa Clipper, 
which after launch in 2024 will swoop past 
the moon nearly 50 times, has grown from 
$4.25 billion to $5 billion. And 
several cost-capped competi- 
tive missions have seen their 
budgets more than double 
because of the time needed 
to reach their remote destina- 
tions, a factor not included in 
their spending limits. 

The budget overruns have 
led NASA to postpone mis- 
sions: The ambitious Drag- 
onfly rotocopter to Titan, 
Saturn’s methane-rich moon, 
will now launch in 2027 in- 
stead of 2025, and the next 
New Frontiers selection will 
be delayed by several years. To stop this cy- 
cle of overruns, the report suggests, NASA 
needs to face reality and raise the cost caps 
for the two competitive mission lines, New 
Frontiers and Discovery, to $1.65 billion 
and $800 million, respectively, while also 
forcing those missions to fully account for 
lifetime costs. Those measures should still 
allow NASA to select five Discovery mis- 
sions over a decade, but only one New Fron- 
tiers mission. 

Although the budget has grown to ac- 
commodate big missions, the scientists 
who advance that work have not seen the 
same gains, the report stresses. The share 
of the budget spent on research grants has 
fallen from 14% in 2010 to 7.7%. Progress 
has been made in recruiting more women 
to the field, but less so with underrepre- 
sented racial and ethnic groups. Latino and 
Black scientists make up just 5% and 1% of 
the planetary science workforce. “We have 
untapped talent and we're missing out on 
great people and great ideas,’ Canup says. 
The report recommends collecting bet- 
ter demographic data and expanding pre- 
doctoral programs that support students 
from underrepresented communities. 
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“Enceladus is 
probably the 
best place to look 
for evidence 
of life that 


we can do today.” 


Philip Christensen, 
Arizona State 
University, Tempe 


Students entering the field now could 
constitute the scientific heart of the mis- 
sion targeting Uranus, which humanity 
first saw up close with the Voyager 2 flyby 
in 1986. That survey prompted many scien- 
tists to think of the ice giants as anomalies: 
stunted gas giants that accumulated only 
a couple Earth masses’ worth of hydrogen 
and helium during formation, either be- 
cause of a lack of gas or a late start. But 
since Voyager, astronomers have found 
thousands of planets around others stars, 
and many are Uranus-size, says Jonathan 
Fortney, a planetary scientist at the Uni- 
versity of California, Santa Cruz. “Nature 
loves to make planets of this size.” 

Uranus also holds its own individual ap- 
peal. Its spin axis is nearly horizontal—likely 
the result of a giant impact early in its his- 
tory that tipped it over. Compared with 
the other planets, it gives off 
little heat, suggesting either 
that it is surprisingly cold or 
that its atmosphere has put 
a lid on escaping heat. It has 
two sets of rings, along with a 
densely packed set of primor- 
dial moons and oddball ob- 
jects, likely trapped comets or 
objects from a region beyond 
Neptune called the Kuiper belt. 
“Some may still have water on 
the inside,” says Kirby Runyon, 
a planetary scientist at the 
Johns Hopkins University Ap- 
plied Physics Laboratory (APL). 

For the lure of an ocean, however, it’s 
hard to top tiny Enceladus, just 504 kilo- 
meters wide. In 2005, NASA’s Cassini space- 
craft spotted plumes of saltwater erupting 
from rifts in its icy surface. Subsequent 
flights through those plumes revealed 
abundant organic molecules, necessary 
to build life, along with silica and hydro- 
gen gas, a sign that the ocean feeding the 
plumes probably has hydrothermal vents 
in its depths, a potential energy source for 
microbes (Science, 14 April 2017, p. 121). 

The survey endorsed a hybrid “orbi- 
lander” mission to Enceladus, which would 
sample the plume and survey the moon’s 
surface for a couple years before turning on 
its side and landing, a relatively easy task 
in a place with weak gravity and no appre- 
ciable atmosphere. It would target a place 
where the erupting water falls as snow, 
which its instruments could sample. Two 
would explicitly be aimed at detecting life: 
a DNA sequencer and a microscope. Ence- 
ladus has checked off all the requirements 
for habitability, says Shannon MacKenzie, 
a planetary scientist at APL who led a study 
developing the idea. “The next question is: 
Is Enceladus inhabited?” 


COVID-19 


China refuses 
to end harsh 
lockdowns 


Still not fully prepared for 
living with the virus, the 
government is sticking to 
“zero COVID” 


By Dennis Normile 


haunting video that went viral this 

month showed residents of Shanghai 

screaming from high-rise windows 

into the night—a collective complaint 

about the harsh COVID-19 lockdown 

the city’s 26 million inhabitants have 
been under since the end of March. Many 
have had trouble obtaining food or essen- 
tial medicines. Tens of thousands who have 
tested positive for SARS-CoV-2 are isolated in 
crowded halls and convention centers outfit- 
ted with cots in cubicles, without showers. 
Authorities have separated infected children 
from their parents. Media have reported 
deaths among patients denied health care for 
conditions other than COVID-19. 

But the Chinese government is not budg- 
ing. Although the country’s public health 
experts have worked quietly on steps to- 
ward coexisting with SARS-CoV-2 (Science, 
3 March, p. 949), as much of the world has be- 
gun to do, President Xi Jinping reiterated on 
13 April that the country must persist with its 
“zero COVID” strategy, now called “dynamic 
clearing,” despite the growing costs. 

That insistence reflects a fear of an ex- 
plosion of serious illness and death if Omi- 
cron variants of SARS-CoV-2, now largely 
one called BA.2, escape control. More than 
2 years into the pandemic, China is still not 
fully prepared; its leadership has squandered 
the grace period it earned with the zero 
COVID strategy, says Yanzhong Huang, a 
global health specialist at the Council on For- 
eign Relations, a U.S. think tank. “Until No- 
vember last year, there was no serious effort 
to prioritize the vaccination of the elderly,’ he 
says. Nor did China use the time to improve 
the rural health infrastructure. 

The risks aside, a reversal is politically sen- 
sitive for the Chinese government, which has 
long boasted about its superior strategy. By 
now, the COVID-19 response has become “not 
so much a public health or public policy issue 
as a political issue,” Huang says. “It has be- 
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Workers converted Shanghai’s National Exhibition and Convention Center into a COVID-19 hospital in early April. 


come an undebatable political decision,’ adds 
Xi Chen, a public health scientist at the Yale 
School of Public Health. 

But whether China can still get back to 
zero, as it did after the world’s first COVID-19 
outbreak in Wuhan in 2020 and every re- 
surgence elsewhere since, is uncertain given 
Omicron’s transmissibility. On 18 April, the 
daily number of reported cases in Shanghai 
had dropped somewhat, to 20,416, from a 
peak of 28,145 cases on 13 April. But the lock- 
down has been extended indefinitely. Mean- 
while, other cities have entered partial or 
complete shutdowns as well. 

As elsewhere, Shanghai’s Omicron epi- 
demic appears to be mild. Roughly 90% of 
cases are reportedly asymptomatic, and by 
19 April, the city had only reported 10 deaths. 
(In all of China, only 12 COVID-19-related 
deaths have been reported this year.) 

Whether the numbers tell an accurate 
story is unclear. One reason for the large 
number of asymptomatic cases is the re- 
peated testing of Shanghai residents, 
which catches infections that would 
fly under the radar in other coun- 
tries. But Huang suspects Shanghai 
officials are also counting people 
who only have coldlike symptoms 


now,’ and more similar to Hong Kong, Chen 
says. That city recorded the world’s highest 
death rate in mid-March, in part because 
many older people had foregone the vaccine. 

Mainland China has a similar problem. 
Airfinity, a London-based health analytics 
firm, reported that nearly 19% of Chinese 
people over age 60 were unvaccinated as 
of mid-March. Among those in their 80s, 
just over 50% had received two shots by 18 
March, and only 19% had received boosters, 
Zeng Yixin, deputy director of the National 
Health Commission, reported at a press brief- 
ing. (Across all ages, the picture looks better, 
with 88% of the population fully vaccinated 
and about 51% having received boosters.) 

If Omicron spreads throughout China, 
the low vaccination rate among the elderly 
could lead to 1 million deaths in 3 months, 
Airfinity estimates. In contrast, Australia, 
New Zealand, and Singapore exited zero 
COVID after only 1.2%, 0.6%, and 0.4%, re- 


spectively, of their over-60 population were 


To zero and back 
China's “zero COVID” strategy has been successful for 2 years, 
but now cases of the highly transmissible Omicron variant are surging. 


unvaccinated. They have seen relatively few 
deaths as a result. 

Why China did worse is puzzling. Some 
say the country’s leadership painted itself 
into a corner by touting the success of zero 
COVID and not preparing the public for a 
transition to living with the virus. Because of 
safety concerns about COVID-19 vaccines, the 
campaign initially focused on younger popu- 
lations. Vaccine hesitancy continues even 
today. “One question I frequently get asked 
is: ‘My parents are 80 years old [or] have 
hypertension-diabetes, is it safer for them to 
vaccinate or not vaccinate?” says Zhangkai 
Cheng, a respiratory specialist at Guangzhou 
Medical University. 

“Hesitancy among older adults is somehow 
rational in the context of a zero COVID strat- 
egy,” says University of Hong Kong (HKU) 
epidemiologist Ben Cowling. “If a vaccine 
has minimal but nonzero risk, whereas the 
risk of COVID infection might be expected 
to be minimal, some may prefer to take their 
chances with the virus.” Now that this calcu- 
lation has changed, some communities are 
sending vaccination teams door-to-door to 
persuade senior citizens to get the shots, of- 
fering gift cards as an incentive. 

A study by an HKU group provided some 
reassurance about the effectiveness of the in- 
activated virus vaccines used in China, which 
has not authorized the messenger RNA 
(mRNA) shots used in many other countries. 
The effectiveness of two doses of Sinovac’s 
inactivated vaccine was notably lower than 
that of two doses of an mRNA vaccine among 
adults 60 and older, the team found, but three 
doses of either vaccine offered very good pro- 
tection against severe illness and death. 

China’s plans for exiting its zero COVID 
stance are still in development. In a 
letter published in Nature Medicine 
on 5 April, two Chinese epidemio- 
logists listed several measures the 
country needs to implement to make 
the shift this year, including expand- 


as asymptomatic cases, because they 30,000 ing the use of online health consulta- 
can be sent to the makeshift isola- tions, training health care workers to 
tion centers instead of hospitals. 25,000 better treat mild COVID-19 cases, and 
As to severe cases and deaths, lo- 4 stockpiling antivirals. 

cal media have raised questions 2 But few are willing to wager when 
about unexplained deaths at several $s 20,000 the transition will occur. “There is 
Shanghai nursing homes. Still, Chen Bp no indication that the central gov- 
believes the numbers are “largely re- = 15.000 ernment has begun to prepare for 
liable.” He says severity is low because ae a coexistence strategy,’ says Xi Lu, 
most infections so far seem to have 3 a National University of Singapore 
occurred in younger people and be- md 10,000 specialist in Chinese economic 
cause the outbreak is still in its early g policy. “I speculate that China will 
phase. Also, identifying infections 5 continue to implement the wrong 
early allows for timely treatment 5000 policies for a long time; and with 
that can forestall serious illness. “If each day of delay, the transition will 
infections spill over to sizable older 0 become more difficult.” = 
populations, the results will be very February January January 

different from what we are seeing 2020 2021 2022 With reporting by Bian Huihui. 
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PALEONTOLOGY 


Pterosaurs were clad in colorful plumage 


Study suggests feathers arose—and were used for display—well before reign of dinosaurs 


By Rodrigo Pérez Ortega 


he idea that dinosaurs sported col- 

orful feathers, once outlandish, has 

become conventional wisdom. Now, a 

new study of a Brazilian fossil suggests 

that pterosaurs—leathery winged, fly- 

ing reptiles only distantly related to 
dinosaurs—were also clad in tiny feathers 
of varying hues. The finding suggests feath- 
ers may have evolved more than 150 million 
years before the heyday of the dinosaurs, 
probably for display, the authors say. “In 
their very earliest forms, feathers were col- 
ored ... presumably for signaling,” says paleo- 
biologist Maria McNamara of University Col- 
lege Cork, who led the study. 

The paper “reinforces the idea that ptero- 
saurs were ‘fluffy; and indicates at least 
some of them probably had complex col- 
orful patterns—which is fantastic,’ says 
Rodrigo Pégas, a paleontologist at the Federal 
University of ABC, SAo Bernardo do Campo, 
in Brazil. But Pégas is not convinced that 
feathers originated as early as McNamara 
thinks—and some other researchers doubt 
the structures are feathers at all. 

How feathers arose has been a big 
question in paleontology for more than 
150 years, since the first Archaeopteryxr—a 
feathered dinosaur once thought to be the 
first bird—was found in Germany. Many re- 
searchers think feathers arose for insulation 
and were co-opted only much later for flight 
and other uses, such as courtship displays. 
As for pterosaurs, researchers had previ- 
ously reported their bodies were covered in 
pycnofibers, single-stranded structures that 
formed a “fuzz,” presumably for warmth. 

Then in 2018, McNamara and her col- 
leagues reported that two well-preserved 
Chinese pterosaurs showed what seemed to 
be a defining feature of feathers: a central 
shaft with branches. Some paleontologists 
were skeptical, and McNamara says she un- 
derstood why. “Their feathers were—to be 
honest—a bit weird,’ she says. “They didn’t 
branch like modern bird feathers do.” 

Now, she and her colleagues have ce- 
mented their arguments with a paper this 
week in Nature analyzing the soft tissue 
of an exquisitely preserved skull of Tupan- 
dactylus imperator—a pterosaur that had a 
majestic head crest and a 5-meter wingspan. 
It lived 113 million years ago in what is now 
the Araripe Basin in northeastern Brazil, al- 
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though McNamara studied the fossil in Bel- 
gium. The team thinks it was poached from 
Brazil and kept in private collections until 
recently. Earlier this year, the Royal Belgian 
Institute of Natural Sciences repatriated the 
fossil to Brazil, where it will be displayed at 
the Earth Sciences Museum in Rio de Ja- 
neiro. “It is great that the fossil is back in 
Brazil,” Pégas says. 

On the pterosaur’s head crest, the re- 
searchers identified both single-stranded fi- 
bers and featherlike branching ones with a 
central shaft narrowing at the base. Under 
the scanning electron microscope, both skin 
and feathers had melanosomes, intracellular 
structures containing melanin that give pig- 
ment to skin, feathers, and fur in living ani- 
mals, with differently shaped melanosomes 


in with 7-inch nails with these findings,” says 
Jakob Vinther, a paleobiologist at the Univer- 
sity of Bristol. Paleontologist Michael Benton, 
also at Bristol, agrees, but “I don’t think 
pterosaur feathers had any function in flight 
because they’re just fluffy little feathers.” 

But paleontologist David Martill from 
the University of Portsmouth says the small 
branched structures “look nothing like feath- 
ers.” He thinks they are a different kind of 
keratinous covering, though he agrees they 
were probably spectacularly colored. 

Even if they are feathers, pterosaurs may 
not have flaunted them like Mesozoic pea- 
cocks, Vinther says. He notes that the re- 
searchers didn’t infer the melanosomes’ 
color and says it’s possible the plumage was 
used for camouflage rather than display. 


This tiny feather, about 1.5 millimeters long, adorned the head crest of a 113-million-year-old pterosaur. 


conferring different colors. The pterosaur’s 
melanosomes had diverse shapes—ovid, 
spherical, and elongated—something until 
now only seen in mammalian fur and dino- 
saur and bird feathers. 

The researchers think Tupandactylus’s 
colored, branching structures were indeed 
feathers, which both kept it warm and en- 
abled it to signal to other pterosaurs, per- 
haps as male peacocks do by displaying 
plumage during mating. 

The finding means feathers must have 
evolved far earlier than was _ thought, 
McNamara says. “The most parsimonious 
explanation is that feathers were present in 
the common ancestor of [pterosaurs and di- 
nosaurs],’ about 250 million years ago dur- 
ing the Triassic period. 

Some paleontologists say the evidence of 
feathers is persuasive. “We’re hammering it 


Nor is it certain that the pterosaur struc- 
tures share an ancient origin with those 
of dinosaurs and their descendants, living 
birds, some researchers say. “We still need 
fossil evidence for feathers in the Triassic as 
well as unequivocal molecular evidence for 
the common origin between pterosaur pyc- 
nofibers and dinosaur feathers,” Pégas says. 

McNamara promises more evidence for 
her scenario. Her team is working to char- 
acterize the detailed chemistry of the Tu- 
pandactylus samples, which could reveal 
organic compounds in the feathers. 

If the current findings hold up, they 
may shed light on the selection pressures 
that shaped early feathers, says Jasmina 
Wiemann, a molecular paleobiologist at the 
California Institute of Technology. “Thermal 
regulation has been the old hypothesis out 
there ... [but] maybe there’s more to it.” & 
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Fight mutant cancer cells by ... 
making more mutations? 


Chemotherapies that induce new DNA errors may help 
unleash the immune system on tumors 


By Jocelyn Kaiser, in New Orleans 


esearchers are devising ways to paint 

targets on cancer cells. Drugs that 

unleash the immune system against 

cancer can be powerfully effective, 

but they appear to work best on the 

subset of tumors that are most rid- 
dled with mutations. Enter a controversial 
solution: Use chemotherapy to deliberately 
create new mutations in tumors and thereby 
make them more vulnerable to an immune 
system attack. 

Lab studies and several small clinical tri- 
als already hint the strategy may help. “There 
might be an opportunity to begin to remodel 
the genetics of the tumor in such a way” that 
immunotherapy works better, a leader of one 
trial, cancer geneticist Luis Diaz of Memo- 
rial Sloan Kettering Cancer Center, said at a 
plenary session here at the annual meeting 
of the American Association for Cancer Re- 
search (AACR). 

Still, some cancer researchers are leery 
of purposely inducing mutations and say 
animal experiments suggest doing so could 
cause more harm than good. “I question the 
rationale,’ says melanoma immunotherapy 
researcher Antoni Ribas of the University of 
California, Los Angeles. 

Drugs called checkpoint inhibitors remove 
a molecular brake that keeps immune sen- 
tries called T cells from attacking tumors. 
They work best on cancers such as lung tu- 
mors triggered by smoking-induced DNA 
damage and melanomas, which accumulate 
mutations from ultraviolet (UV) light. Many 
of these genetic changes cause cells to make 
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“neoantigens,” novel protein fragments on tu- 
mor cells that flag them to T cells. 

The notion that forcing cancer cells to make 
more neoantigens might bolster immuno- 
therapy traces back to studies of tumors with 
defects in certain mechanisms that repair 
DNA. These cancer cells accumulate many 
mutations, and in 2015 a team led by Diaz, 
then at Johns Hopkins University, reported 
that checkpoint drugs work well on multiple 
tumor types with these “mismatch” DNA re- 
pair defects. 

Cancer geneticist Alberto Bardelli of the 
University of Turino and colleagues went fur- 
ther by deliberately inactivating a mismatch 
repair gene in tumor-bearing mice. They 
reported in Nature in 2017 that the change 
resulted in a buildup of DNA errors in the 
cancer cells and boosted the effectiveness of 
checkpoint drugs. 

Since then, two Italian trials have docu- 
mented similar effects in people. One study 
gave the standard chemotherapy drug temo- 
zolomide, which disables mismatch repair 
genes, to 33 people with advanced colon 
cancer, which normally does not respond to 
checkpoint inhibitors because it has too few 
mutations. The chemotherapy alone shrank 
tumors in eight people but another seven 
people similarly responded after all later 
received two checkpoint inhibitors. Tumor 
growth halted in the overall group for an 
average of 7 months, the team reported last 
month in the Journal of Clinical Oncology. 

In four patients who had tumor biopsies 
analyzed, as well as in 14 of 16 patients in a 
trial described in a poster at the AACR meet- 
ing, the team showed that temozolomide had 


T cells (spheres) may attack a tumor better if the 
cancer has deliberately added mutations. 


induced mutations. Bardelli says the prelimi- 
nary data offer a “proof of concept.” 

Diaz wondered whether inducing a specific 
kind of mutation would work even better. His 
team was particularly interested in a type 
that shifts how a cell’s proteinmaking ma- 
chinery reads a gene’s messenger RNA. Such 
a “frameshift” mutation can change many of 
the amino acids of a gene’s protein, making it 
more foreign to the immune system. 

Postdoc Benoit Rousseau and others in the 
Diaz lab tested temozolomide and another 
chemotherapy drug, cisplatin, on cancer 
cells and found the combination produced 
1000 times more frameshift mutations than 
either drug alone. When cancer cells treated 
with the drug combination were injected 
into mice, the resulting tumors vanished in 
response to a checkpoint drug. 

Diaz’s team is now giving the combination 
to people with metastatic colon tumors before 
they receive a checkpoint drug. In two of the 
first 10 patients, tumor cell DNA shed into 
their blood showed they had developed rel- 
atively high levels of frameshift mutations— 
and their tumors stopped growing. “It’s 
early days,’ Diaz cautions, but the results 
give “a flavor of what we’re expecting.” 

Still, there’s an obvious safety concern: 
The chemotherapy drugs might also create 
mutations in a patient’s healthy cells. Diaz 
says his group has not seen new tumors in 
mice treated with the drugs. 

Some researchers worry the approach 
will be counterproductive. They say tumors 
made up of one or just a few genetically 
identical cell lineages, or clones, respond 
better to checkpoint inhibitor drugs than 
highly heterogenous masses do. Ribas 
fears that inducing more mutations creates 
new clones in a tumor and dilutes the im- 
pact of any T cells unleashed. He points to 
a 2019 study in which an Israeli group used 
UV light to create mutations in melanoma 
tumors in mice and found the increased 
diversity of cancer cells actually hampered 
the checkpoint inhibitor response. 

Bardelli says UV light induces a less im- 
munogenic type of mutation than temo- 
zolomide. And Diaz and Rousseau argue 
that their team’s two-drug approach will 
spin out so many potent neoantigen tar- 
gets for T cells that any harm from greater 
genetic heterogeneity within the tumor 
will be minimal. 

“What we are doing is different,” says 
Bardelli, who founded a company, with Diaz 
as an adviser, to develop cancer drugs that 
will block mismatch repair enzymes—and, 
the team hopes, turn cancer cells into sit- 
ting ducks. 
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EUROPE 


Aid keeps researchers afloat in war-torn Ukraine 


Fledgling programs aim to sustain lives and work, and stem brain drain 


By Richard Stone 


n early February, when war clouds 

were gathering over Ukraine, a more 

personal darkness descended on Yuliia 

Kosminska. Her 11-month-old daughter, 

Alyona, tripped at their home—“just a 

small fall, but she wasn’t feeling well,’ says 
Kosminska, a thin-film physicist at Sumy 
State University in the country’s northeast. 
Tests soon revealed an aggressive form of 
leukemia, and Alyona was transferred to a 
pediatric cancer clinic in Kyiv. “It was all very 
quick,” she says, her voice 
catching. On 24 February— 
the very day the Russians 
invaded—she got a call with 
the news she was dreading: 
Alyona had succumbed to 
her illness. 

Work was a salve for her 
grief, but it was unsafe to 
return to Sumy. Kosminska 
found a glimmer of hope 
through an emergency aid 
program run by the Wolfgang 
Pauli Institute (WPI), a math 
and physics research center 
in Austria. The program gives 
scientists in Ukraine €2000 
and Ph.D. students €1500— 
no strings attached—to sus- 
tain their lives and work. 
Kosminska, one of the first 
26 recipients, used some of 
the money to buy a laptop to prepare an on- 
line course on nanomaterials. “You must un- 
derstand,” she says, “I have to do something.” 

Labs around the world have offered suc- 
cor to hundreds of Ukrainian scholars who 
have fled their war-torn country. Far less 
aid is available for those who, by choice or 
necessity, have remained. Many have seen 
their salary payments reduced or stopped 
as institutes divert resources to the nation’s 
defense. Some have had to flee their homes. 
They had no one to turn to—until WPI anda 
few other outfits started to toss lifelines. The 
sums are small; WPI’s initial budget is just 
€50,000. But the initiatives “are of crucial 
importance for saving basic and applied sci- 
ence in Ukraine,’ says Anatoliy Zagorodny, 
president of the National Academy of Sci- 
ences of Ukraine (NASU). Such efforts could 
help stanch a brain drain that many fear will 
leave Ukraine depleted long after the war. 
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“We understand that many of these refugees 
will not return,” says Sergiy Ryabchenko of 
the Institute of Physics. 

Grander rescue packages await Ukraine 
after the war. The U.S. government has be- 
gun to discuss the contours of a Marshall 
Plan, reminiscent of the U.S. effort to rebuild 
Europe after World War II. Science will not 
be left out, says Kenneth Myers, president of 
CRDF Global, a U.S. nonprofit that runs sci- 
ence assistance programs in former Soviet 
Union nations. “The idea is to not just bring 
them back to preinvasion levels, but to invest 


Kharkiv, Ukraine, 1 week before Russia invaded. Institutes in the city have 


in areas where they can leapfrog and become 
leaders in science,” Myers says. 

For now, the focus is survival. Scientists 
marooned in conflict areas are most at risk, 
Zagorodny says. With Russian troops mount- 
ing a renewed assault on eastern Ukraine, 
NASU intends to steer €20,000 in aid from 
the French Academy of Sciences to research- 
ers in eastern science strongholds like 
Kharkiv and Sumy. 

WPI’s project is already keeping 17 scien- 
tists in those cities afloat. Ihor Shpetnyy, an 
experimental physicist at Sumy State, stayed 
behind when fellow residents evacuated. “My 
task was to find and buy medicine for my par- 
ents,’ he says. His mother’s treatment for pul- 
monary hypertension costs €500 per month. 
With his salary halved to €220 per month, he 
says, the WPI money was a lifesaver. 

A WPI grant was a career saver for 
Mykhaylo Mykhaylov. At the end of last 


suffered damage. 


year, the solid state physicist had just fin- 
ished renovating his lab at the Verkin In- 
stitute for Low Temperature Physics and 
Engineering in Kharkiv. Barely 2 months 
later, with Kharkiv under siege, Mykhaylov 
escorted his wife and 10-year-old son to the 
border with Slovakia. He had to say good- 
bye, because most men under age 60 are 
barred from leaving Ukraine in anticipation 
of being called to fight. “We visited a notary, 
and I made a will. Then I gave my wife all 
our savings,” he says. 

Mykhaylov returned to a home wrecked 
by shelling with €300 in his 
pocket. “I was considering 
quitting research,’ he says. 
A WPI grant helped him 
rent an apartment outside 
Kharkiv—and stick with sci- 
ence. He’s writing up a re- 
search paper and “eager to 
return to experimental work, 
once normality is restored.” 

Other organizations are 
joining the rescue effort. 
The Foundation for Polish 
Science will fund at least six 
social science collaborations 
between scientists in Poland 
and Ukraine this year; each 
team will receive €58,000 
over 1 year for salaries and 
research expenses. And the 
Krzysztof Skubiszewski Foun- 
dation, also in Poland, plans 
to disburse at least €240,000 to scholars in 
Ukraine and refugees in Poland, with most 
of it going to those in Ukraine. The French 
Academy of Sciences is seeking additional 
funds for NASU from French foundations, 
and Austria’s science ministry just contrib- 
uted €50,000 to WPI, which will enable it to 
support another two dozen or so researchers. 

The sooner the war ends, the sooner 
Ukraine can shift from science survival to 
revival. But first it must endure whatever 
Russia has in store in the east. In Kharkiv 
and Sumy, frequent air-raid sirens shatter 
daily rhythms. “The Russians can come back 
at any time,” says Kosminska, who returned 
to Sumy with her husband in early April 
to bury Alyona. Teaching and planning for 
future experiments help her cope, as does 
commiserating with friends and colleagues 
who have also borne hardship and loss. “I 
can say, for now, I’m OK,” she says. & 
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Dutch dangle bid for gravitational wave detector 


Government pledges to support nearly half the cost of the Einstein Telescope 


By Edwin Cartlidge 


n underground observatory that could 

detect gravitational waves from the 

far reaches of the universe is one step 

closer to reality. Last week, the Dutch 

government said it was prepared to 

foot about €900 million of the proj- 
ect’s roughly €1.9 billion construction cost if 
it is built near the border of the Netherlands, 
Germany, and Belgium. The pledge puts the 
Dutch proposal for Europe’s so-called Ein- 
stein Telescope ahead of rival bids, says Stan 
Bentvelsen, director of the Netherlands’s Na- 
tional Institute for Subatomic Physics and 
a leader of the Dutch proposal. “I think the 
Dutch government is sticking its neck out the 
farthest,” he says. 

Gravitational waves were discovered in 
2015 when the ripples in spacetime generated 
by a pair of merging black holes were detected 
by the Laser Interferometer Gravitational- 
Wave Observatory (LIGO), two U.S. detec- 
tors each made up of 4-kilometer-long tubes 
arranged in an L-shape. By sending a laser 
beam down each tube and bouncing it off 
mirrors suspended at each end, physicists 
can look for fluctuations in the beams’ travel 
time, a sign that a passing gravitational wave 
has subtly stretched or squeezed the arms. 
Researchers at LIGO and Virgo, a detector in 
Italy with arms 3 kilometers long, have since 
gone on to detect dozens more black hole 
mergers, as well as collisions between pairs 
of neutron stars. 

Now, researchers in Europe and the United 
States are thinking about bigger detec- 
tors that could survey most of the universe 
(Science, 12 March 2021, p. 1089). The most 
sophisticated, the Einstein Telescope, might 
be able to detect hundreds of thousands of 
mergers per year, out to the distant reaches 
of the observable universe, or soon after the 
big bang. Three overlapping L-shaped detec- 
tors, each with arms 10 kilometers long, will 
watch for spacetime distortions, and the ob- 
servatory will be buried in bedrock several 
hundred meters down to insulate it from 
the surface noise of wind and traffic. Each 
detector arm will contain two laser systems, 
including one cooled almost to absolute zero, 
giving it sensitivity to longer wavelength 
radiation from mergers of very large black 
holes, hundreds of times the mass of the Sun. 

Last year, the European Union added the 
Einstein Telescope to an official wish list of 
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major scientific facilities known as the Euro- 
pean Strategy Forum on Research Infrastruc- 
tures, and official project bids are due within 
the next 2 to 3 years. Bentvelsen says the 
Dutch site—somewhere between the cities of 
Maastricht, Liége, and Aachen—has a layer of 
soft soil above the bedrock. The contrast be- 
tween the layers ensures that most surface vi- 
brations would bounce off the bedrock rather 
than shake the observatory. 

In a recent assessment of new proposals 
for public infrastructure, the Netherlands 
National Growth Funds Commission cited 
the region’s geology as one of its advantages. 
Last week, the Dutch Cabinet agreed to pay 


ian government for €100 million to develop 
detector technology and better scrutinize 
the site’s geology. They expect to hear the 
outcome in June. “The noises are positive,” 
he says. 

Punturo is heartened that two separate 
governments are showing an interest in 
the project, but acknowledges it is not yet 
guaranteed. After a board of scientists com- 
pares site characteristics, the winner should 
emerge from negotiations between national 
governments, he says. Construction should 
begin in 2026 or 2027, with scientific opera- 
tions starting up some 9 years later. 

Even after the big pledge, the Dutch will 


The Einstein Telescope would be buried several hundred meters underground to insulate it from noise. 


€42 million for preparatory research and 
€870 million for construction, should the site 
be chosen. To win the funding, however, the 
observatory’s backers in academia and pro- 
vincial government also need to show how 
the project would benefit local companies. 
Bentvelsen appears confident, saying he has 
“positive feedback” from a range of compa- 
nies and technology institutes in the region. 
The Dutch bid has an Italian rival that 
would put the Einstein Telescope close to 
a former zinc mine near the town of Lula 
in Sardinia. It is one of the 30 most seismi- 
cally quiet sites in the world, says Michele 
Punturo of Italy’s National Institute of 
Nuclear Physics, who co-leads the over- 
all Einstein Telescope collaboration and is 
the scientific coordinator of the Sardinian 
proposal. He says he and his colleagues 
submitted a request in February to the Ital- 


still have to drum up support from other Eu- 
ropean nations. Belgium and Germany have 
been involved in preliminary site investiga- 
tions but have yet to formally support the 
Dutch bid. 

And Germany may launch its own bid. 
Ginther Hasinger, head of the European 
Space Astronomy Centre near Madrid, is 
spearheading plans for a new astrophysics 
center in the state of Saxony, using federal 
funds intended for development in eastern 
Germany, where the coal industry has de- 
clined. Hasinger wants to site the Einstein 
Telescope in a strip of granite found in the 
region—but only if the site’s geology makes 
it “significantly better than the others.” With 
a site decision expected in 2025, he and his 
colleagues have a few years to find out. & 


Edwin Cartlidge is a journalist based in Rome. 
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City lights lure migratory birds, with lethal results, 
but weather radar and modeling can help reduce the toll 
By Joshua Sokol 
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very 11 September at dusk, in mem- 
ory of the 2001 attacks, New York 
City mounts the Tribute in Light, 
an art installation in lower Manhat- 
tan. And every year, as twin tow- 
ers of light bloom skyward, they 
attract thousands of migrating birds, 
sucking in warblers, seabirds, and 
thrushes—along with predators such 
as peregrine falcons eager to take advantage 
of the confusion. On each anniversary, bird 
conservationists wait below, counting and 
listening to disoriented chirps. If the observ- 
ers report too many birds circling aimlessly 
in the beams, organizers flip off the lights. 

In recent years, on-site observers have also 
used a complementary tool to quantify the or- 
biting birds: weather radar, which bounces off 
birds as well as raindrops. In 2017, 
a group led by Cornell University 
ornithologist Andrew Farnsworth 
found that during seven previ- 
ous anniversaries, the once-a-year 
installation had attracted a total 
of about 1.1 million birds. Within 
20 minutes of lighting up, up to 
16,000 birds crammed themselves 
into a half-kilometer radius. But 
when the lights flicked off, the 
dense clouds of birds on the radar 
screen dissipated just as fast, a 
finding later confirmed by on-site 
thermal cameras. 

“That was really illuminating— 
pun not intended, says that 
study’s lead author, Cornell eco- 
logist Benjamin van Doren. “It re- 
ally gives you a sense of the scale 
that light can impact bird migra- 
tion.” The circling birds burn 
through time and precious body fat, are easy 
prey, and worst of all, can brain themselves 
on the windows of nearby buildings. 

The finding came as scientists grew in- 
creasingly worried about slumping bird 
numbers. The skies above North America 
host some 3 billion fewer birds today than 
in 1970, according to one 2019 analysis. The 
flocks have faced death by a thousand cuts, 
including not just light pollution, but climate 
change, vanishing habitat, and pesticides. 
Ornithologists fear each added insult could 
be enough to bend once-abundant bird pop- 
ulations toward extinction (Science, 20 Sep- 
tember 2019, p. 1228). 

The radar studies at the Tribute in Light 
helped lay the groundwork for a tool that 
could ease the toll: a program Farnsworth’s 
team calls BirdCast, which incorporates 
continent-scale weather radar and machine 


The Tribute in Lights installation in New York City 
lures thousands of migratory birds (bright specks) 


into twin towers of light. 
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learning to forecast the exact nights when 
hundreds of millions of migratory birds will 
torrent over U.S. cities. The team then feeds 
those findings to conservationists and policy- 
makers desperate to help the birds survive 
the journey by dimming lights along the way. 

Such research, paired with existing con- 
servation efforts, is beginning to make a dif- 
ference: New York City recently passed an 
ordinance requiring city buildings to turn 
down lights during migration season, the 
world’s largest city to take such a step. It joins 
dozens of growing campaigns across the 
United States that aim to save tens or even 
hundreds of thousands of birds per city each 
year. “Given declines over the last 50 years, 
and what’s happening on the planet, every- 
body needs a win,” Farnsworth says. 


These warblers and other birds died at the World Trade Center in 
New York City on 20 September 2021. 


LONG BEFORE THOMAS EDISON turned on a 
light bulb, people were recording anecdotes 
of nighttime lights ensnaring birds, espe- 
cially during migration. In 1880, for exam- 
ple, the Bulletin of the Nuttall Ornithological 
Club queried lighthouse keepers across the 
United States; one respondent, in Florida, re- 
ported shielding his face with his hat against 
an onslaught of “more than a million” birds 
heading south. He carried away two bushels 
of crumpled bodies the next morning. 

Today’s researchers keep more detailed 
records. In New York City, for example, vol- 
unteer crews patrol city sidewalks morning 
after morning during migration seasons, cat- 
aloging birds that thwacked into buildings. 
Among them are songbirds, light as quarters, 
that are adapted to every part of their yearly 
trek between the Amazon and Canada’s bo- 
real forests—except for human cities. 

“Tt’s really bad to see injured birds that you 
know are about to die,” says Kaitlyn Parkins, 
a science consultant for New York City Audu- 
bon, which has tracked fallen birds since 


1997. “I just—I can’t internalize it anymore.” 

Some 3.5 billion birds fly through the 
southern border area of the contiguous 
United States each spring, then head north 
through the center of the country, Cornell 
ecologist Adriaan Dokter found in a 2018 
study using weather radar. Come fall, after 
breeding season, roughly 4.7 billion birds 
travel south, this time along routes that clus- 
ter more toward the eastern United States. 
Collisions with buildings take out anywhere 
from 365 million to 1 billion of them each 
year, according to one landmark meta- 
analysis of papers and bird collision data sets 
published in 2014. That study put buildings 
behind only domestic cats on the list of top 
anthropogenic bird killers. 

As biologist Pete Marra at Georgetown 
University puts it, big glass build- 
ings might be more “efficient from 
an energy perspective [but] are 
extremely efficient from a killing 
perspective.” 

In the daytime, reflective glass 
can trick birds into flying into 
what seems like clear, open space, 
which often ends in death by 
brain hemorrhage. Overnight, the 
chief killer is artificial light, which 
harms birds in several steps. First, 
when the cumulative glow of light 
above cities is bright enough to 
outshine the Milky Way, it sucks 
in passing migrants from up to 
200 kilometers away, a 2018 study 
using weather radar found. Once 
in a city, birds are subject to de- 
graded habitats and are prey for 
housecats, and individual light 
sources can trap them in pointless, 
calorie-wasting circles or tempt them head- 
long into windows. Exposure to light at night 
has also been linked to disruption of birds’ 
immune systems, microbiomes, foraging be- 
havior, and of course sleep cycles. 

To this day, researchers don’t know why 
so many birds find artificial light so alluring. 
Insect researchers face the same puzzle, de- 
bating why, exactly, moths and other insects 
are drawn to flames and streetlights (Science, 
7 May 2021, p. 556). “If I could answer that 
question, I’d be happy,” says Kyle Horton, 
a BirdCast team member now at Colorado 
State University, Fort Collins. He speculates 
only that the impulse to fly to light must have 
once conferred an evolutionary advantage. 


WHATEVER THE REASON light lures birds, 
Farnsworth has toiled since the 1990s to 
keep them safe from it by tracking and pre- 
dicting their movements. He aimed to map 
migration not just as numbers of birds cross- 
ing a particular field site, but as flows of bio- 
mass operating on regional, even continental 
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In fall 2020, the city of Dallas turned out lights (left) to spare migratory birds, somewhat dimming the city’s typically bright nightscape (right). 


scales. On weather radar, multispecies rivers 
of passing birds can be filtered out from rain- 
clouds, allowing their large scale movements 
to be forecast like weather. (Meteorologists 
face the same problem—telling apart birds 
and storm systems—in reverse.) But it took 
the advent of cloud computing and modern 
machine learning to crunch through enough 
data to make BirdCast work. 

In 2017, the team did a small-scale test 
of its methods at the Tribute in Light, prov- 
ing that a single radar station—even one 
on Long Island, relatively far from the art 
installation—could quantify how birds move 
on both large and fine-grained scales. A year 
later, van Doren and Horton let machine 
learning models loose on 23 years of conti- 
nental U.S. weather data. They found peak 
migration nights regularly involve half a 
billion birds aloft over the sleeping United 
States. Given a weather forecast of upcoming 
temperatures and winds, their model could 
predict variations in when and where the 


birds would fly with 62% accuracy 1 week 
ahead of time, rising to 75% 1 day in advance. 

Since then, checking tomorrow’s Bird- 
Cast has become “common vernacular” for 
everyone from hobbyists planning birding 
trips to scientists, says Emily Cohen, a mi- 
gration ecologist at the University of Mary- 
land Center for Environmental Science. 
“This real-time forecasting of animal move- 
ments is really unprecedented and super- 
exciting.” The Cornell team is working to 
leverage those predictions to help with 
the siting of future wind turbines, to fore- 
cast spikes in disease transmission from 
wild birds to farmed poultry, and to antici- 
pate elevated risks of birds smashing into 
planes, which has bedeviled aviators since 
the Wright brothers. 

At the same time, other teams are using 
GPS trackers mounted on individual ani- 
mals to give a bird’s-eye view of the same big 
patterns. One study published this month 
in the Journal of Applied Ecology mapped 


Night moves 


On peak nights during migration seasons, some half a billion birds fly over the sleeping United States. Based 
on weather and flight paths, models can forecast where their densities, and peril from city lights, will be highest. 
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migration paths in North Africa and Eu- 
rope, identifying areas where new turbines 
or power lines would cause collisions. 

The birdcasts also reveal where and when 
migratory flows collide with concentrations 
of light. In 2019, a study led by Horton ranked 
the U.S. cities where birds face the greatest 
collision risk from lights. Chicago, Houston, 
and Dallas came in on top, as the most light- 
polluted areas along heavy migration routes 
(see graphic, p. 344). That information soon 
percolated to local conservation groups. 

Bird advocates have long organized vol- 
untary “Lights Out” campaigns during mi- 
gration season in a few cities, starting as far 
back as the 1990s in Toronto, and spread- 
ing to at least 44 U.S. cities today. Bird- 
Cast data allow conservationists to amplify 
this message on the exact nights millions 
of birds are likely to cross an area, using 
tweets, newsletters, and targeted emails to 
everyone from bird rehabbers to downtown 
building managers. “It’s wonderful policy 
influenced by data,” Marra says. 

Seeing the ignominious placement of 
Texan cities on Horton’s list—and a Lights 
Out program already in place in Chicago 
since the late ’90s—the BirdCast group de- 
cided to focus its own resources in Texas, 
joining a smaller campaign that had begun 
after 400 birds dashed themselves against 
a single Galveston skyscraper one night 
in 2017. In 2020, 14 major buildings par- 
ticipated across the state; in 2021, it was 
more than 100. Most of the iconic skyline 
buildings in Dallas and Houston turned 
off nonessential lights last spring and fall 
for several peak migration weeks during 
which at least 50% of migrating birds were 
expected to pass over. Other buildings, for 
example in downtown Fort Worth, kept their 
lights off for months to cover the full migra- 
tory season. Texas homeowners can sign up 
for BirdCast alerts that provide narrower 
night-by-night warnings. 

The ability to quantify the risks with radar 
data has also encouraged advocates to push 
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for deeper policy commitments. Newsworthy 
mass mortality events add to the pressure, 
such as on 14 September 2021, when heavy 
migration combined with stormy weather 
and low cloud cover in New York City led 
to what Parkins calls a daylong “collision 
massacre.” She says that “to get legislation 
passed, you have to have the science.” 

In December 2021, after hearing testimony 
from Farnsworth and others, the New York 
City Council voted to require city-owned 
buildings to turn off lights on peak migra- 
tion nights, joining several other U.S. cities 
like Austin, Texas, which passed a similar 
bill earlier last fall. New York state legisla- 
tors have also introduced a more aggressive 
bill that would compel private structures, 
including residences statewide, 
to dim or turn off most non- 
essential lights by 11 p.m. all year. In 
Illinois, a law passed in summer 2021 


center. The worst single nights left more 
than 100 bodies behind. Wind conditions 
and the intensity of migrating birds spotted 
in archival weather radar seemed to predict 
how many birds hit the convention center 
each night, the team found. 

But another key factor was how many of 
the convention center’s windows had been 
illuminated. Each individual bright window 
left more dead birds for volunteers to find the 
next day. The correlation suggests halving the 
number of lit window bays would halve the 
number of bird strikes, the team estimated, 
saving thousands of birds at this one three- 
story building. “It really does seem that each 
window makes a difference,’ van Doren says. 

Despite the study and the negative press 


Flight risks 


By using satellite maps to quantify light at night and radar to estimate 


that resulted, the convention center hasn’t 
updated its lighting policy during migra- 
tion season, says Annette Prince, part of a 
volunteer group that tracks bird collisions 
in downtown Chicago. “It’s disappointing, 
because they do have drapes.” 

Cynthia McCafferty, a spokesperson for 
the convention center, says the customers 
who use the building for events dictate the 
hours the lights stay on. “We have to serve 
our clients.” She adds that closing drapes in 
the evening would require workers to bring 
in heavy equipment. 

Harder data on the efficacy of Lights Out 
campaigns are still forthcoming. The Bird- 
Cast group, for example, is working with 
volunteers in Dallas and other Texan sites to 
build a bigger data set of collisions, as 
tracked by body counts in the morn- 
ing. Between 100,000 and 200,000 
birds perish in Dallas alone each 


requires new state-owned buildings to 
use bird-safe glass and dimmer, down- 
cast lights shown to reduce collisions; 
another proposed state bill would ban 
nonessential lighting during migra- 
tion season for new buildings near 
ecological preserves. 


THESE MEASURES are incremental, 
and researchers are eager to learn 
whether they will help even in the 
middle of light-polluted urban en- 
vironments. In one study, published 
in summer 2021 in the Proceedings 
of the National Academy of Sci- 
ences, van Doren and colleagues 
drew on a unique data set: bird col- 
lision records compiled by volun- 
teers from Chicago’s Field Museum 
during 40 years of morning walks 
around the perimeter of the city’s 
McCormick convention center, on 
the Lake Michigan waterfront. 

From 2000 to 2020, almost 12,000 
sparrows, warblers, thrushes, and 
other birds died at the convention 
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the numbers of migratory birds streaming across the night sky, 
scientists have ranked the cities where birds face the most danger 
from light pollution. Chicago tops the list in both spring and fall. 


Dark Light radiance Bright 
= 
5 15 25 35 45 
High 
Chicago —o 
= 
bo 
= Dallas o— Houston 
2 allas —o 
n 
z 
‘a e 
S F 
pn ee e— New York City 
a Dallas —o 
i=] 
Qa 
< 
oa 
oa 
— 
=) 
ao} 6 
oa 
ra 


New York City —Se%e 


Low 


year, Farnsworth says. Assuming van 
Doren’s findings scale up, their hope 
is that turning down the city’s glow by 
half could halve that casualty count. 

Horton is developing sharper- 
than-ever migratory forecasts by 
incorporating information beyond 
atmospheric conditions, including 
an area’s vegetation and levels of 
light pollution. He’s also identify- 
ing public communication strategies 
to translate them into action. Light 
pollution harming wildlife is still an 
unfamiliar concept to many, he says. 
“Having your porch light on doesn’t 
sound the same as pouring paint 
down the sewer.” 

But that means it’s also not politi- 
cally polarized, unlike many environ- 
mental topics. “I don’t think there’s 
many people out there who are like, ‘I 
want to keep my lights on to kill color- 
ful songbirds,” Horton says. 


Joshua Sokol is a science journalist in 
Raleigh, North Carolina. 
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A long evolutionary reach for fishing nets 


Earlier maturation of Atlantic salmon is linked to indirect effects of fisheries on its prey 


By Nina Overgaard Therkildsen! and 
Malin L. Pinsky? 


daptive evolution is not just the stuff 
of geological history books—it is an 
ongoing process across ecosystems 
and can occur on a year-to-year time 
scale. However, in a world rapidly 
changing as the result of human ac- 
tivity, it can be challenging to differentiate 
which changes result from evolution rather 
than other mechanisms (7). On page 420 of 
this issue, Czorlich et al. (2) reveal a fascinat- 
ing example that suggests that commercial 
fishing drove rapid evolutionary change in 
an Atlantic salmon population over the past 
40 years. Their findings are surprising in two 
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ways—that fishing for salmon drove evolu- 
tion in the opposite direction from what one 
would typically expect, and that salmon evo- 
lution also was affected by fishing for other 
species in the ecosystem. 

The potential for fishing to drive abnor- 
mally fast evolution has been recognized for 
at least 80 years (3), yet conclusive evidence 
for these effects has remained elusive. The 
underlying logic is that fisheries often sub- 
stantially increase adult mortality for har- 
vested populations, creating a fitness benefit 
for reproduction at earlier ages and smaller 
sizes. If variation in maturation has a genetic 
basis, the added mortality from fishing can 
drive evolution. Laboratory experiments 
have demonstrated rapid fisheries-induced 


evolution causing widespread impacts 
across the fish genome (4, 5), and many wild 
populations of fish today indeed mature at 
earlier ages and at smaller sizes compared to 
decades ago (6). Putting lab and field data to- 
gether, however, has been a major challenge. 
Atlantic cod, for example, has been a classic 
putative example of fisheries-induced evo- 
lution, yet some of the most heavily fished 
populations have not revealed clear genomic 
signals of adaptive evolution (7). 

Czorlich et al. provide some of the stron- 
gest evidence to date linking fishing to 
changes in the genetic composition and 
maturation of a wild population. They 
studied Atlantic salmon, which are born in 
fresh water, migrate to the ocean to grow, 
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and then return to their birthplace once 
they are mature and ready to spawn. There 
is substantial variation in the time salmon 
spend at sea, both within and across popu- 
lations, and many populations now mature 
and return to spawn at an earlier age (8). 
In previous studies, researchers had iden- 
tified a single gene—the vestigial-like fam- 
ily member 3 (vgll3) gene—that has a large 
effect on salmon maturation timing (9). By 
analyzing the DNA collected from scales 
of 1319 salmon captured between 1975 and 
2014 from the Tenojoki population in the 
Teno River located at the Finland-Norway 
border (JO), researchers also uncovered that 
a shift toward earlier maturation over this 
period coincided with an 18% increase in 
the frequency of a vgll3 variant linked with 
early maturation (JO). To identify the drivers 
behind this change, Czorlich et al. compared 
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Czorlich et al. have uncovered a link between the 
intensity of fishing activities and a gene associated 
with maturation age in Atlantic salmon. 


interannual fluctuations in the frequency 
of early- and late-maturing genetic variants 
with historical data on environmental, eco- 
logical, and fishing-related factors. They re- 
vealed that temporal genetic changes were 
associated with fishing, consistent with 
fisheries-induced evolution, but in surpris- 
ing ways. Rather than selecting for earlier 
maturation, as typically expected, salmon 
fishing in the Teno River had selected for 
later maturation. This result highlights the 
subtle context dependence of evolution. In 
this case, it appears to have emerged because 
the main fishing method in this river primar- 
ily captures smaller, younger fish and leaves 
older, larger fish to spawn. 

Perhaps even more surprising, another 
major factor that strongly correlated with 
the genetic changes in salmon was the 
population size of a small marine fish called 
capelin. During their ocean development, 
salmon grow in part by feeding upon cap- 
elin. But capelin have experienced marked 
population booms and busts over the last 
few decades, in large part because of cap- 
elin fishing. Capelin appear to influence 
salmon evolution through the at-sea sur- 
vival of salmon, which is lower when fewer 
capelin are present. With lower survival, 
early- rather than late-maturing salmon 
are especially likely to return to their natal 
population and pass their genes on to the 
next generation, increasing the number of 
early-maturing salmon. Thus, capelin fish- 
eries affected not just their target species, 
but had cascading evolutionary effects else- 
where in the ecosystem. In an interesting 
coincidence, the capelin are caught partly 
as feed for farmed Atlantic salmon, reveal- 
ing distant and unexpected impacts of fish 
farming. These ripple effects from fisheries 
and aquaculture have been widely appreci- 
ated for ecological processes, but Czorlich 
et al. show a rare example of evolutionary 
impacts beyond the targeted species. 

The distinct large-effect gene region that 
accounts for 40% of the variation in Atlantic 
salmon maturation timing made it feasible 
for Czorlich et al. to track adaptive evolu- 
tion at the genetic level. Large-effect loci 
have also been discovered in other fish spe- 
cies—e.g., affecting the migration timing in 
Pacific salmonids (17) and the growth rate 
in Atlantic silversides (5)—but not all traits 
are like this. Many growth and maturation 
traits are expected to be highly polygenic— 
that is, influenced by small effects from 
hundreds of different genes (12). Changes in 
traits with such genomic architectures will 
be more difficult to detect. 


Another key to Czorlich et al.’s discovery 
was the detailed series of annual allele fre- 
quency estimates from the Tenojoki popula- 
tion that allowed the testing of environmen- 
tal associations not just based on long-term 
change, but with year-to-year fluctuations. 
The inference from Czorlich et al. remains 
correlational and does not provide definitive 
evidence of causation, but the high temporal 
resolution provides great power to test as- 
sociations, highlighting the value of compre- 
hensive historical collections. 

Despite the clarity of the Tenojoki salmon 
example, many questions remain. For in- 
stance, the evolutionary result does not ap- 
pear immediately generalizable to other 
salmon populations. Despite exposure to 
some of the same fisheries and capelin inter- 
actions, a different Teno River salmon popu- 
lation does not show the same evolutionary 
change toward earlier maturation, perhaps 
because the effects of vgll3 on maturation 
are mediated by other, as-yet-unknown 
genes (0). The broader genomic footprint of 
fishing also remains an important and open 
question, because the study only examined a 
couple hundred of the roughly 3 billion posi- 
tions in the salmon genome. 

Whether and how human activities drive 
rapid evolutionary change, such as how they 
influence ecosystems beyond the directly 
affected species, remains a vital research 
topic. Evolutionary impacts may be wide- 
spread but poorly recognized because they 
have been hidden from view. A key question 
will be whether evolutionary impacts can be 
predicted, perhaps with better knowledge of 
genomic architecture. Answering these ques- 
tions is not just an academic exercise. The 
effects of fisheries-induced evolution can 
include lower population productivity and 
greater population instability, and can be 
difficult to reverse (6). The first step toward 
mitigating their negative impacts will be un- 
derstanding when and where they occur. 
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Resisting attack by repairing the damage 


Removing membrane pores may help cancer cells survive T cell assault 


By Norma W. Andrews 


umor cells or cells infected by patho- 
gens are thought to resist killing by 
cytotoxic T lymphocytes (CTLs), but 
the mechanisms involved are incom- 
pletely understood. On page 377 of this 
issue, Ritter et al. (1) report that the 
membrane-remodeling endosomal sorting 
complexes required for transport (ESCRT) 
proteins accumulate at cytolytic synapses, 
the specialized sites where CTLs bind target 
cells and secrete the pore-forming protein 


for lesion removal. ESCRT proteins were de- 
tected at plasma membrane sites wounded by 
lasers (4, 5), but uncertainties remained be- 
cause lasers can cause heat-related artifacts 
and denature membrane components. Ritter 
et al. settle this issue by visualizing ESCRT 
proteins precisely at the site of a highly 
physiological form of membrane injury. They 
also observe membrane protrusions contain- 
ing ESCRT proteins within the cytolytic syn- 
apse, consistent with a previously proposed 
mechanism of membrane repair by vesicle 
shedding (4, 5). However, the membrane de- 


Membrane wounding and repair at the cytolytic synapse 

Cytotoxic T cells secrete perforin and granzymes, which trigger target cell death. Target cells resist attack 
through endosomal sorting complexes required for transport (ESCRT) proteins, which may promote shedding 
of perforin pores. This process may also involve Ca’*-triggered exocytosis of lysosomes and rapid endocytosis. 
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perforin. Using high-resolution imaging and 
a clever strategy for selecting cells at early 
stages of permeabilization, they show that 
ESCRT protein recruitment coincides with 
the onset of injury and helps cancer cells re- 
sist CTL attack in vitro. 

ESCRT proteins drive membrane remodel- 
ing and scission events in various processes, 
including viral budding and cytokinesis (2, 
3). The earlier discovery that they facilitate 
wound resealing (4) suggested a direct path 
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tachment events observed to date could have 
resulted from laser-induced damage or cell 
death. Consistent with this possibility, Ritter 
et al. only directly observed membrane shed- 
ding in cells that failed to reseal after CTL 
attack. Thus, how plasma membrane lesions 
are ultimately removed remains unclear. 
Ca?* influx through cell membrane wounds 
triggers the formation of micrometer-scale 
blebs as a consequence of cortical cytoskel- 
eton rearrangements (4, 6). These large 
blebs, which display a high density of mem- 
brane-associated ESCRT proteins (4), do not 
promote lesion removal because the blebs 
retract back into the cell body when mem- 


brane integrity is restored (4, 6), and cells 
reseal normally when blebbing is prevented 
(6). It is therefore important, in the context of 
CTL-target cell engagement, to distinguish 
ESCRT-containing membrane buds that are 
responsible for shedding perforin lesions 
from reversible membrane perturbations 
caused by Ca?* entry. One strategy might 
be to compare the topography of cytolytic 
synapses resulting from CTL-target cell en- 
gagements of variable potency, as described 
by Ritter et al, to identify morphological 
features specifically associated with more- 
efficient ESCRT-dependent membrane re- 
pair. Would target cells engaged by CTLs un- 
der conditions that favor ESCRT-dependent 
survival show more-homogeneous, perhaps 
smaller ESCRT-containing membrane buds 
within the cytolytic synapse? 

In addition to understanding the mecha- 
nism of lesion removal, another challenge 
will be to determine whether other path- 
ways linked to plasma membrane repair, 
such as exocytosis and endocytosis (7), work 
independently of or in concert with ESCRT 
recruitment. Although not with the precise 
localization shown by Ritter et al. for ESCRT, 
exocytosis of lysosomes and rapid endocyto- 
sis have been observed in cells attacked by 
CTLs (8), mimicking observations in cells 
permeabilized by the bacterial pore-forming 
toxin streptolysin O (SLO) (6, 9). A subse- 
quent study challenged the conclusion that 
CTL attack enhances target cell endocytosis 
(10), but this discrepancy may be ex- 

plained by the different endocytosis 
markers used in each study. 
Granzyme molecules responsible 
for the CTL lethal hit can enter tar- 
get cells through perforin pores assembled 
at the cell surface (J0). However, it remains 
possible that after granzyme entry, perfo- 
rin pores are rapidly internalized. Perhaps 
this explains why Ritter et al. could not de- 
tect pore-like structures on the surface of 
target cells by focused ion beam-scanning 
electron microscopy (FIB-SEM). It will be 
interesting to extend the use of FIB-SEM 
to examine the endosomal compartment 
of recently permeabilized CTL target cells 
to see whether it undergoes the expansion 
observed by others (6, 8, 9) and whether it 
contains structures that could be attributed 
to internalized perforin pores. 

In addition to ESCRT proteins, others 

have detected exocytosis of lysosomes at 
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wound sites and suggested that an exo- 
cytosis-mediated local drop in membrane 
tension might recruit ESCRT proteins (4). 
Thus, plasma membrane repair may in- 
volve the concerted action of Ca?*-regulated 
lysosomal exocytosis, up-regulation of en- 
docytosis, and ESCRT recruitment (see the 
figure). This scenario is consistent with the 
frequent detection of rapid Ca**-dependent 
lysosomal exocytosis in cells permeabilized 
by various mechanisms (7, 11, 12) and with 
the finding that the inhibition of lysosomal 
exocytosis blocks plasma membrane repair 
(7, 13). Notably, the lysosomal enzyme acid 
sphingomyelinase, when released extracel- 
lularly by wounded cells, can be sufficient 
for promoting endocytosis and plasma 
membrane repair (9). With the exciting 
possibilities now offered by advanced im- 
aging techniques, the next step should be 
to define the spatiotemporal relationship 
of membrane wounding with lysosomal 
exocytosis, endocytosis, and ESCRT re- 
cruitment. If this can be achieved, it would 
greatly facilitate the challenging process of 
deciphering how each of these pathways 
contributes to lesion removal. This is im- 
portant because a comprehensive under- 
standing of the plasma membrane reseal- 
ing mechanism may reveal steps amenable 
to therapeutic intervention, as illustrated 
by the recent report of enhanced muscle 
repair by in vivo expression of lysosomal 
acid sphingomyelinase (74). 

ESCRT proteins also promote repair of 
nanoscale lesions in the endolysosomal net- 
work and the nuclear envelope, by mecha- 
nisms that are still poorly understood but 
that may not involve vesicle budding (J5). 
Surprises certainly lie ahead as the fascinat- 
ing roles of ESCRT proteins in membrane 
remodeling are better understood along 
with their relationship, if any, to wound- 
induced membrane trafficking events. 
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A dynamic message sign displays traffic deaths above the H-1 Freeway on the Liliha Street overpass in Hawaii. 
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How safe are safety messages? 


Highway fatalities increased in response to certain messages 


By Gerald Ullman and Susan Chrysler 


ith 1.35 million people killed in 

road crashes worldwide each year 

(1), highway agencies search for 

ways to reduce traffic deaths and 

injuries, including encouraging 

safer driving behaviors. Electronic 
dynamic message signs (DMSs) (see the 
photo) are viewed as highly effective devices 
for communicating traffic safety messages di- 
rectly to the driving public with the goal of 
improving road safety (2). However, the ac- 
tual effects of such DMS messages on road 
safety have never been evaluated in a rigor- 
ous manner. On page 370 of this issue (3), 
research by Hall and Madsen suggests that, 
contrary to expectations, displaying traffic 
fatality numbers in traffic safety messages 
on DMSs is associated with an increase in 
crashes downstream. 

Beginning in 2012, the Texas Department 
of Transportation (TxDOT) began posting 
traffic safety messages for 1 week per month 
on its statewide network of nearly 900 DMSs. 
Messages consisted of a traffic safety slogan 
(e.g., DON’T DRINK AND DRIVE) and the cu- 
mulative number of traffic fatalities that year 
on Texas roadways (XXX TRAFFIC DEATHS 
ON TEXAS ROADWAYS IN 2012). These mes- 
sages were displayed when the signs were not 
used for conveying other transportation-re- 
lated information about incidents, roadwork, 
or special events. The rest of the month, fatal- 
ity information was not displayed. 
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Hall and Madsen compared crashes 
downstream of DMSs across the state dur- 
ing periods when traffic safety messages 
with fatality numbers were being displayed 
versus not being displayed. To control for 
other possible factors influencing their re- 
sults, they also compared crashes on those 
same roadway segments before the fatality 
message campaign began and on roadway 
segments upstream of the DMSs. They con- 
cluded that the display of traffic safety mes- 
sages with fatality numbers resulted in a 
1.35% increase in traffic crashes up to 10 km 
downstream of the DMSs. 

Hall and Madsen contend that these re- 
sults suggest that messages with fatality 
numbers are overly salient to drivers. They 
do not discuss the valence of emotions that 
fatality messages induce, but instead focus 
on their salience in the working memory 
of drivers leading to cognitive distraction, 
which leads to driving errors. The find- 
ing seems inconsistent with other research 
that has found that the use of fatalities and 
other statistics in traffic safety campaigns is 
mostly ineffective in influencing driver at- 
titudes or behaviors, in large part because 
of “optimism biases” held by most drivers 
regarding their abilities to operate a vehicle 
and avoid becoming involved in a fatal crash 
(4, 5). However, because the effect of the fa- 
tality messages was greater in urban areas, 
the issue may be one of excessive salience or 
of some cognitive overload. Given the greater 
baseline cognitive demand of multilane ur- 
ban freeways compared with rural high- 
ways, the additional cognitive load induced 
by fatality messages may be enough to push 
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some drivers beyond their attentional capac- 
ity. Such effects of attentional overload have 
been demonstrated in driving simulations, 
naturalistic driving studies, and closed- 
course evaluations (6). 

Research on the effects of emotional dis- 
traction upon the driving task is limited, 
but there are a few studies that support the 
hypothesis. This research often relies on 
self-report and surveys of past driving inci- 
dents, making causal attributions difficult. 
Laboratory and simulation studies must 
attempt to induce a particular emotion to 
study its effect. One simulator study of the 
effects of auditory messages of positive and 
negative emotion (7) showed that negative 
words reduced driving speed and worsened 
lateral control compared with positive words. 
Evoked response potentials used to assess 
the allocation of attentional resources across 
tasks showed that positive and negative stim- 
uli were processed differently. Similar stud- 
ies suggest that negative billboard images 
can degrade driving performance (8, 9). One 
simulator study showed that induced hap- 
piness and anger each caused more driving 
errors compared with neutral and fear con- 
ditions, but subjective workload was similar 
across the affective states (10). Conversely, 
other studies suggest that drivers will modu- 
late their glances to billboards based on the 
situational demands of the driving task (11, 
12). Whether the same modulation occurs for 
messages presented on DMSs during times of 
high attentional demand is unknown. 

Another plausible hypothesis for the re- 
sults obtained by Hall and Madsen is that 
it is the overall design of the traffic safety 
messages, including fatality numbers, which 
collectively contributes to an information 
overload situation that has adverse effects 
upon driving behavior. Messages must be 
limited in length and formatted to ensure 
that motorists can quickly read and correctly 
process the information presented during 
limited viewing time. Guidelines and regu- 
lations have been developed on how to best 
design DMS messages reporting things like 
traffic incidents, special events, and road- 
work activities (13). Similar guidance does 
not yet exist for traffic safety messages. These 
messages are often unclear in terms of how 
drivers should respond to the information. 
It has commonly been assumed that drivers 
simply read and then quickly disregard mes- 
sages that they deem unnecessary. However, 
the results of Hall and Madsen suggest that 
drivers may continue to try and assess how 
they are supposed to use that information for 
a much longer period of time after reading 
the message. 

Although not something that Hall and 
Madsen could explicitly test with the Texas 
dataset, this hypothesis would help explain 
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why a message containing fatality numbers 
could impede a driver’s cognitive abilities 
and adversely affect their driving perfor- 
mance but not influence their attitudes or 
conscious driving behaviors. This hypothesis 
would also suggest that similar effects would 
be expected when using other numbers in 
traffic safety messages, such as the number 
of speeding tickets issued, the percentage of 
crashes involving impaired motorists, etc. 
(again, a hypothesis that Hall and Madsen 
could not test with the existing Texas dataset). 
Although not necessarily in response to the 
Hall and Madsen results, it should be noted 
that the US Federal Highway Administration 
in 2021 discouraged the use of fatality num- 
bers and other statistics in traffic safety mes- 
sages displayed on DMSs (14). 

The crash data presented by Hall and 
Madsen clearly demonstrate a safety ef- 
fect of showing fatality numbers on DMSs. 
However, the mechanism for this safety 
effect is not clearly elucidated by the data 
presented in the paper. Additional analy- 
ses regarding crash types and documented 
causal factors in the crash reports might 
yield more insights. For example, the au- 
thors treated all types of crashes as equal 
and only separated single-vehicle from 
multiple-vehicle crashes. The assertion 
that emotional salience caused distraction 
would predict a pattern of crash types that 
would be the result of distraction, such as 
rear-end crashes resulting from delayed re- 
sponse to a slowing lead vehicle. Examining 
the pattern of specific crash configurations 
would be a stronger test of the distraction 
explanation posited by the authors. 
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Electrifying 
membranes 
to deliver 
hydrogen 


An electrochemical 


membrane reactor enables 
efficient hydrogen generation 


By Arthur J. Shih and Sossina M. Haile 


he developed world has had a vacil- 

lating interest in hydrogen (H,) as the 

green fuel of the future. Today, the in- 

terest is being renewed as the climate 

crisis becomes increasingly evident 

(1). A key challenge with hydrogen, 
presuming that it can be generated by using 
sustainable electrical power, is its economi- 
cal delivery. The daunting cost of installing 
a hydrogen infrastructure has been a major 
driver behind the decision of policy-makers 
in the United States and elsewhere to put 
the hydrogen effort on hold (2). On page 
390 of this issue, Clark et al. (3) address 
head-on the hydrogen infrastructure need 
by exploiting electrochemical membrane 
reactors to strip hydrogen from more con- 
venient carriers, including ammonia (NH,), 
methane (CH,), and biomass. These fuels 
could potentially be delivered to a point of 
need by using an existing infrastructure, 
where they could then be converted to hy- 
drogen for use in fuel cells. 

The concept of using liquid or easily 
liquified hydrogen carriers to fulfill hydro- 
gen delivery needs has gained traction in 
recent years (4-6). Ammonia as the carrier 
is attractive because the cycle is entirely 
carbon free; whereas methane is attrac- 
tive because the locally produced carbon 
dioxide can potentially be sequestered; and 
biomass is attractive because if deployed 
alongside sequestration, it results in a car- 
bon-negative cycle. Among the reactor types 
available for extracting hydrogen from hy- 
drogen-bearing compounds, electrochemi- 
cal membrane reactors based on proton ce- 
ramic electrolytes offer distinct advantages. 
Such reactors combine thermochemical 
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catalysts that facilitate decomposition of 
the carrier with electrochemical pumping 
of hydrogen across a proton-conducting 
solid-state membrane (5, 7). Because only 
protons, which emerge in the form of hy- 
drogen gas upon undergoing oxidation at 
the hydrogen evolution electrode, can be 
delivered across the membrane, one can 
reasonably anticipate that every electron 
delivered to the membrane will result in 
the production of hydrogen in a 1:2 ratio. 
Furthermore, because of the solid-state and 
gas-impermeable nature of the membrane, 
one can expect the hydrogen produced to 
be entirely free of impurities—in particular, 
of unreacted carrier molecules, species that 
simply cannot get to the other side of the 
membrane. Another added benefit is the 
ability to pressurize the hydrogen by only 
increasing the current. 


applications, challenges emerge. As noted 
by Clark et al., managing the temperature 
profile across the reactor is particularly dif- 
ficult. The process of pumping hydrogen 
across an electrochemical membrane leads 
to an increase in temperature because of 
the changes in hydrogen concentrations. At 
the same time, the decomposition reactions 
are inherently endothermic and drive the 
temperature down. Consequently, in a reac- 
tor with a simple linear flow, the upstream 
regime will be much cooler than the down- 
stream regime. Such a temperature gradi- 
ent introduces efficiency penalties. 

Clark et al. meet this challenge by engi- 
neering a counterflow geometry that enables 
transfer of the heat generated at the down- 
stream portion of the reactor, as a conse- 
quence of the electrochemical pumping, to 
the upstream portion of the reactor, where 


As water electrolysis for hydrogen fuel production ramps up, the energy sector is in increasing need of efficient 


ways to deliver that hydrogen using convenient carriers such as ammonia and methane. 


In contrast to their electrochemical coun- 
terparts, traditional catalytic membrane 
reactors use a membrane that is hydrogen- 
permeable, typically made with palladium 
(Pd) or a Pd alloy, rather than one that is 
proton-permeable (8-15). Hydrogen is 
driven across a traditional membrane by 
mechanical pressure, which creates a chem- 
ical potential gradient. In the electrochemi- 
cal membrane reactor, protons are driven 
across the membrane by application of a 
voltage (or current), which indirectly drives 
the flux of hydrogen gas. 

Recent advances in_ electrochemical 
membrane reactors (5, 7) have spurred the 
race to implement “hydrogen-on-demand” 
solutions. In devices scaled up for practical 
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the carrier decomposition reactions cool the 
system (3). Beyond the use of a counterflow 
design, thermal gradients are mitigated by 
formulating an interconnect material that 
provides excellent heat transfer as well as 
electrical contact between adjacent cells 
in the reactor. The interconnect composi- 
tion is also designed to match the thermal 
expansion behavior of the electrochemical 
components of the reactor, contributing to 
its long-term stability. With these advances 
in reactor design and material components, 
the authors achieved an unprecedented com- 
bination of carrier gas conversion, hydrogen 
recovery, system size, and reactor lifetime. 
The >99% hydrogen extraction efficacy of 
the system of Clark et al. exceeds all other 


values in the literature. Although extrac- 
tion efficacy is not a commonly discussed 
metric, it is useful for describing the overall 
performance of a catalytic membrane reac- 
tor and can be calculated by multiplying 
the carrier conversion fraction by the hy- 
drogen recovery fraction. Another impor- 
tant metric is the pressure difference across 
the membrane. In traditional catalytic 
membrane reactors, in which mechanical 
pumps pressurize the reactant supply, the 
permeate emerges at a pressure lower than 
that of the feed. Therefore, additional me- 
chanical pumps are required to pressurize 
and compact the hydrogen for storage and 
transport. Clark et al. demonstrated an in- 
tegrated system in which chemical transfor- 
mation, purification, and pressurization are 
all achieved in a single device, an accom- 
plishment that is only possible in an elec- 
trochemical membrane reactor. The combi- 
nation of hydrogen extraction efficacy and 
exhaust gas pressurization achieved in their 
system are truly unprecedented. Future ef- 
forts will likely be directed toward increas- 
ing the hydrogen flux, which remains mod- 
erate for their electrochemical system and 
does not factor into the extraction efficacy 
or pressurization metrics. 

Today, the main application of hydrogen 
is in oil refining, which accounts for about 
55% of all hydrogen consumption, and 
about 93% of hydrogen is produced by us- 
ing methane (J). Consequently, technologi- 
cal advances in methane steam reforming 
may inadvertently prolong the global reli- 
ance on fossil fuels. By directing greater 
attention to ammonia, one of the hydrogen 
carriers demonstrated by Clark et al., future 
electrochemical catalytic reactors may al- 
low use of hydrogen without incurring car- 
bon emissions. & 


REFERENCES AND NOTES 


1. T.Gul, D. Turk, The Future of Hydrogen: Seizing today's 
opportunities (International Energy Agency, 2019). 

2. M.Wald, “U.S. Drops Research Into Fuel Cells for Cars,” 
New York Times, 7 May 2009. 

3. D.Clark, Science 376, 390 (2022). 

4. W.C. Leighty, J. H. Holbrook, J. P. International, in 19th 
World Hydrogen Energy Conference (WHEC). (Elsevier, 
2012), vol. 29, pp. 332-345. 

. D.K.Limetal., Joule 4, 2338 (2020). 

. S.Chatterjee, R. K. Parsapur, K.-W. Huang, ACS Energy 
Lett. 6, 4390 (2021). 

7. H.Malerad-Fjeld etal., Nat. Energy 2,923 (2017). 

8. H.W.Abu El Hawa, S. N. Paglieri, C.C. Morris, A. Harale, J. 
Douglas Way, Separ. Purif. Tech. 147, 388 (2015). 

9. V.Cechetto etal., Fuel Process. Technol. 216, 106772 
(2021). 

10. J.L.Cerrilloetal., Chem. Eng. J. 431, 134310 (2022). 

11. B. Dittmar et al., Int. J. Hydrogen Energy 38, 8759 (2013). 

12. C.-H.Kimetal., Int. J. Hydrogen Energy 43, 7684 (2018). 

13. T.Kumeetal., J. Nat. Gas Sci. Eng. 3,591 (2011). 

14. J.A.Medranoetal., Int. J. Hydrogen Energy 41,8706 

(2016). 
15. M.Sarié, Y.C. van Delft, R. Sumbharaju, D. F. Meyer, A. de 
Groot, Catal. Today 193, 74 (2012). 


ano 


10.1126/science.abo5369 


22 APRIL 2022 * VOL 376 ISSUE 6591 349 


INSIGHTS | PERSPECTIVES 


SUPERCONDUCTIVITY 


Superconductors gain momentum 


Spin-density modulations point to inhomogeneous superconductivity in a perovskite 


By Eva Pavarini 


nasuperconducting material, electrical 

resistivity abruptly disappears below 

a critical temperature. Discovered in 

solid mercury in 1911, superconductiv- 

ity remained an unsolvable riddle until 

1957, when physicists Bardeen, Cooper, 
and Schrieffer developed a theory explain- 
ing the phenomenon (J). According to the 
Bardeen-Cooper-Schrieffer (BCS) scheme, 
superconductivity arises when electrons 
form pairs that behave in a way that al- 
lows current to flow with zero resistance. 
Then, in 1964, Fulde and Ferrell (2) and 
Larkin and Ovchinnikov (3) pointed out 
that in the presence of a magnetic field, 
a different type of superconducting elec- 
tron pairs could form. However, despite 
the intense search, direct evidence of this 
Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) 
superconducting state has proven hard to 
find. On page 397 of this issue, Kinjo et al. 
(4) report the observation of FFLO-driven 
spin-density modulations in the layered 
perovskite Sr,RuO,—a system with its own 
peculiar history. 

The findings of Kinjo et al. signal the 
presence of inhomogeneous superconduc- 
tivity, the hallmark of the FFLO state—a 
superconducting state that had remained 
elusive in the long search for its exis- 
tence and can offer an alternate route to 
explore the diversity of superconductiv- 
ity. To understand what makes it peculiar, 
we have to discuss first the standard case. 
Superconductors whose property can be ex- 
plained with the BCS framework are called 
“conventional superconductors.” When 
superconductivity arises in these materi- 
als, the electron pairs are made of oppo- 
site-spin electrons through a mechanism 
known as spin-singlet pairing. Moreover, 
the electron pairs carry no momentum, 
making the superconducting state homoge- 
neous. In a conventional superconductor, 
the presence of an external magnetic field 
can destabilize the pairs because electrons 
with spin parallel and antiparallel to the 
magnetic field acquire different energy. If 
the resulting energy difference, known as 
Zeeman splitting, is sufficiently large, the 
magnetic field can unpair the electrons, 
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and the material will go back to its normal, 
nonsuperconducting state. 

However, under certain conditions, su- 
perconductivity could survive this situation. 
Electrons could form an unusual kind of elec- 
tron pairs, carrying a nonzero momentum 
(see the figure). This type of pairing creates 
the FFLO state, characterized by the spatial 
modulations arising from the momentum of 
the pairs. However, the FFLO state is difficult 
to induce and observe in materials because it 


Electron pairs with 


a nonzero momentum 

In conventional superconductivity, electron pairs 
have zero overall momentum. However, in the 
presence of a magnetic field, electron pairs can 
gain a nonzero momentum because of the different 
energies acquired by opposite-spin electrons. 
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can be easily destabilized. Its realization is 
favored if the superconductor is in the clean 
limit, a condition in which electrons can 
move without being scattered for sufficiently 
long distances. Even more important for the 
FFLO state to emerge, the Zeeman splitting 
must be the main mechanism that would 
otherwise destroy the superconductivity in 
the material. In most superconductors, how- 
ever, Other pair-breaking mechanisms are 
stronger, and the FFLO state has no chance 
of forming. 

Two-dimensional systems with heavy 
charge carriers, thanks to their sensitivity 
to Zeeman splitting, are good candidates 
for the search for FFLO states. Signatures 
of the FFLO state have been reported in lay- 
ered heavy fermions (5, 6) and certain two- 
dimensional organic materials (7, 8). With 
these considerations in mind, the layered 
perovskite Sr,RuO, investigated by Kinjo et 
al. possesses the basic qualities of an FFLO 
system: It is in the clean limit, is layered, 
and (9) has charge carriers with large effec- 
tive mass. For a long time, however, Sr,RuO, 
was believed to be a chiral spin-triplet su- 
perconductor (10, 77) and therefore a type of 
system that cannot possess an FFLO state. 
This is because spin-triplet superconduc- 
tors have electron pairs whose spins point 
in the same direction, and thus the Zeeman 
splitting cannot break them. 

The prospect of having at hand a true re- 
alization of spin-triplet superconductivity— 
a very rare phenomenon—has put Sr,RuO, 
at the center of very intense investigations. 
With time, it became clear that not all ex- 
perimental observations on Sr,RuO, are 
consistent with the chiral spin-triplet de- 
scription. Among the increasing collection 
of unexplained observations was a discon- 
tinuous transition from superconducting to 
the normal state with an increasing mag- 
netic field (12). In a spin-singlet supercon- 
ductor, this behavior could be explained by 
the Zeeman splitting breaking the pairs. In 
the case of Sr,RuO,, however, such an expla- 
nation was at odds with the accepted chiral 
spin-triplet picture. 

Initially, rather than questioning estab- 
lished view, the puzzling measurement 
prompted the search for alternative ex- 
planations for these inconsistencies while 
preserving the chiral spin-triplet interpre- 
tation. However, the consensus began to 
shift in the past few years, when more clear 


science.org SCIENCE 


GRAPHIC: V. ALTOUNIAN/SCIENCE 


evidence against the chiral spin-triplet pic- 
ture was collected (13-15). This paradigm 
change also implied that the Zeeman split- 
ting could indeed break pairs, and thus the 
stage could be ideal for an FFLO state. 

Kinjo et al. found signatures of an FFLO 
state, a result in line with the dismissal of 
the chiral spin-triplet picture. By measur- 
ing the nuclear magnetic resonance (NMR) 
signal at specific sites of the crystal lat- 
tice, they measured the spatial variation 
in spin density at 70 mK—well below the 
superconducting critical temperature. The 
authors gradually increased the magnetic 
field while making sure that the entire vol- 
ume of the sample remained in the super- 
conducting state up until the critical field 
of 1.4 T. At low magnetic fields, Sr,RuO, be- 
haved like a conventional superconductor, 
with a single NMR peak accompanied by a 
resonance frequency shift, which is known 
as Knight shift. This shift was smaller in the 
superconducting phase than in the normal 
phase, which is in line with the expecta- 
tions for conventional superconductivity. 
However, approaching the critical magnetic 
field, a second peak appeared in the NMR 
signal. The associated Knight shift was 
larger than in the normal phase, which is 
something that cannot be easily explained 
by a mixture of normal and superconduct- 
ing phases and instead could be consistent 
with spatial spin-density modulations asso- 
ciated with an FFLO state. 

The discovery of a possible FFLO state 
in the layered perovskite Sr,RuO, paves the 
way for unprecedented studies of the elu- 
sive superconducting state. The evidence 
presented by Kinjo et al. is compelling but 
still indirect. The smoking gun—the direct 
measurement of the spatial modulations of 
the superconducting order parameter—re- 
mains at large. For now, Sr,RuO, confirms 
itself as a system of neverending wonders. 
It might not be a chiral spin-triplet super- 
conductor, but it is certainly one of a kind. 
More surprises could be in store for the 
coming years. 
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CANCER 


A fresh look at somatic 
mutations in cancer 


Analysis of cancer genome sequences reveals 


new mutational signatures 


By David Sziits 


equencing the genomic DNA of tu- 
mor samples has provided rich data 
on mutagenic processes and revealed 
that information derived from heter- 
ogeneous mutational landscapes of 
cancers can complement the identi- 
fication of driver gene mutations in aiding 
reliable personalized diagnosis and treat- 
ment selection. On page 368 of this issue, 
Degasperi et al. (1) present a comprehen- 
sive analysis of the patterns of somatic base 
substitution mutations in human cancers. 
Their work builds on landmark studies 
that revealed that mutational catalogs, or 
spectra, can yield constituent mutational 
components that reflect biological pro- 
cesses (2-4). Combining component “sig- 
natures” can adequately reconstitute the 
mutation spectrum of individual cancer 
samples and facilitate an understanding of 
the underlying mutagenic mechanisms. 
Mutational signatures categorize muta- 
tions according to the sequence context 
and the type of change, which are generally 
specific to an external mutagen or endog- 
enous mutagenic process. There are two 
fundamental approaches in mutational 
signature analysis: using unsupervised 
algorithms to define de novo signatures 
in a dataset and deconstructing mutation 
spectra into predefined signatures. Human 
cancers are expected to display a finite va- 
riety of mutational processes, which fuels 
the endeavor to establish a comprehen- 
sive set of cancer-associated mutational 
signatures, and their potential clinical use 
would benefit from a scientific consensus. 
Research in this area has progressed rap- 
idly, and by 2021, the Catalogue of Somatic 
Mutations in Cancer (COSMIC) listed ~60 
real single-base substitution (SBS) signa- 
tures and several artifactual ones (5). The 
increasing number of signatures, which 
were not all derived from a single analysis, 
have made it progressively more complex 
to fit signatures to new datasets, with a 
judicious preselection of mutational signa- 
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tures often necessary for the most mean- 
ingful results. 

The study by Degasperi et al. used an 
elegant and clear solution for defining mu- 
tational signatures, initiated using organ- 
specific sample cohorts. A stable two-step 
process first found common signatures in 
spectra from samples that cluster with oth- 
ers by similarity, and then the spectra from 
excluded samples were deconstructed us- 
ing defined common signatures and poten- 
tial additional rare signatures. The organ- 
specific signatures were then clustered, 
filtered, and averaged to establish 120 
reference signatures that present a picture 
of general mutational processes in cancer 
(see the figure). The palette of common 
signatures appears to be saturated, but the 
approach leaves the door open to finding 
rare signatures. 

The greatest asset of the study is the 
notable 12,222-sample dataset from the 
100,000 Genomes Project of Genomics 
England, which has a greater number of 
whole-genome sequences than previous 
major cancer sequencing projects put to- 
gether (6). The results were validated on 
datasets from the International Cancer 
Genome Consortium and the Hartwig 
Foundation. The Genomics England data- 
set contains hundreds of samples per or- 
gan type, which allowed the detection of 
rare signatures that were present in less 
than 1% of each organ set. 

What has the new analysis revealed? 
Beyond confirming most, but not all, of 
the previously identified base substitution 
signatures, it added 40 new SBS and 18 
double-base substitution signatures to the 
reference set. The signatures bear evidence 
of the expected mutagenic processes: effects 
of cellular metabolism, deficiencies of DNA 
repair, and environmental sources. Of par- 
ticular interest are signatures that only show 
subtle differences but can be tied to different 
mechanisms through association with driver 
gene mutations, such as inactivating methyl- 
CpG binding domain protein 4 (WVBD4) mu- 
tations that explain signature SBS96, which 
is similar to other signatures caused by CpG 
deamination (7). Because the mechanism be- 
hind many signatures is still unknown, the 
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study of Degasperi et al. also provides fertile 
ground for further investigations. 

The mechanisms that lead to muta- 
tional signatures are most often validated 
or elucidated in cultured cells, using envi- 
ronmental mutagenic treatments or geneti- 
cally modified cell lines (8—J0). Such experi- 
ments can provide clear mutation spectra, 
but causative connections must be drawn 
carefully because different processes may 
produce very similar spectra. For a bet- 
ter understanding, investigators may also 
focus on attributes beyond the immediate 
sequence context, such as transcription or 
replication strand bias (which were also re- 
ported by Degasperi et al.), clustering, as- 
sociations with replication timing, wider 
sequence context, and chromatin features. 
Such information can be handled separately 
or incorporated into signatures (77), with 
the latter approach complicated by multi- 
dimensionality, or a need to assign relative 
weights to the components. The number of 


mutations in individual samples also limits 
the complexity of analyses. 

The primary incentive of cancer muta- 
tional signature analysis is to provide diag- 
nostic tools for patient stratification (72). 
The first requirement is the fitting of sig- 
natures to mutational spectra of individual 
samples. Degasperi et al. provide a method 
that is analogous to signature decomposi- 
tion: Common signatures are fitted first, 
followed by the addition of rare signa- 
tures one at a time. Fitting organ-specific 
signatures defined on the largest datasets 
is likely to be particularly accurate, and 
it may also help determine the organ of 
origin of metastatic samples. The scale of 
the analysis demonstrated that multiple 
organs have rare cases of tumors with sig- 
natures that are common in other organs, 
for example, those attributed to deficiency 
of DNA repair through homologous recom- 
bination or mismatch repair, which may 
benefit from targeted treatment. 


Mutational signature analysis in cancer 


Whole-genome sequences of 12,222 tumor-normal sample pairs from the 100,000 Genomes Project of Genomics England 
reveal single-base substitutions in different cancer types (top). These mutation spectra were analyzed by Degasperi et al. 

to define component mutational signatures (bottom), which are induced by specific mechanisms (many of which are unknown). 
These mutational signatures give information about the history of mutagenesis and properties of individual tumors. 
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Reliable information is needed on the 
predictive value of mutational signatures 
for drug sensitivities, which is most likely 
to find use in the treatment of DNA re- 
pair-deficient tumors. Many samples 
with DNA repair deficiency-associated 
signatures lack identifiable driver gene 
mutations because of an incomplete un- 
derstanding of the underlying biology or 
chromatin-dependent gene _ expression 
changes, arguing for the preferred use of 
mutational signature analysis rather than 
targeted gene sequencing. Indeed, a pre- 
liminary study reports that the association 
of drug sensitivities with mutational sig- 
natures is stronger than that with driver 
mutations (13). However, both in vitro and 
clinical investigations have found that the 
expected correlation between mutational 
signatures connected with homologous 
recombination deficiency and sensitivity 
to poly(ADP-ribose) polymerase (PARP) 
inhibitors (which target this defect) is less 
than straightforward (14, 15). 
The use of compound classi- 
fiers that rely on multiple mu- 
tation types may help provide 
more accurate predictions. 
It must also be remembered 
that mutational spectra give 
a compressed view of the tu- 
mor’s past, and the observed 
mutational processes may no 
longer operate at the time of 
treatment. © 
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Repetitive DNA in disease 


Transposons become a focus of speculation and 
scrutiny in biomedical research 


By Kathleen H. Burns! 


n 1988, physician-scientists studying 

the genetic basis of hemophilia dis- 

covered pathogenic long interspersed 

element 1 (LINE-1) insertions in the co- 

agulation factor VIII gene (J). Therein 

was unequivocal evidence of a new mu- 
tagenic mechanism in humans: insertions 
of mobile genetic elements (transposons) 
originating from the mostly silent, repeti- 
tive sequences of the human genome. In 
subsequent years, insertional mutagen- 
esis proved a recurrent, albeit uncommon, 
cause of genetic disease. Now, a paradigm 
shift is placing new emphasis on transpo- 
son control as a vital cellular function that 
is compromised by and potentially contrib- 
utes to many diseases. Transposon expres- 
sion and activity is perhaps most overt in 
cancers, although aberrant expression of 
LINE-1, endogenous retroviruses (ERVs), 
and other repeats have also been invoked 
as a dimension of developmental, degen- 
erative, and autoimmune diseases. As rig- 
orous and accessible tools are developed to 
investigate, new discoveries will clarify the 
roles of repetitive elements and their regu- 
lation in disease. 

The human genome, like other complex 
eukaryotic genomes, is filled with highly 
repetitive DNA attributable to the activ- 
ity of self-propagating genetic sequences. 
In humans, this landscape is dominated 
by retrotransposons that make new copies 
of themselves by first being transcribed to 
RNA intermediates and then reverse tran- 
scribed to cDNA that is ultimately inte- 
grated into the genome. Altogether, nearly 
half of the human nuclear genome is trans- 
poson-derived—a record of the activity of 
various types of retrotransposons over mil- 
lennia. The overwhelming majority of these 
sequences are incomplete or mutated and 
no longer active as mobile elements; how- 
ever, there are exceptions. Subfamilies of 
LINE-1 retain the ability to encode proteins 
that make new genomic copies of LINE-1 
and other noncoding repeats—namely Alu 
short interspersed elements (SINEs) and 
composite SINE-variable number tandem 
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repeat (VNTR)-Alu (SVA) elements. Other 
functions can reside in transposable ele- 
ments that are now inactive as insertional 
mutagens. For example, many ERVs [long 
terminal repeat (LTR) sequences] contain 
strong promoters or enhancers that can act 
on nearby genes. To varying degrees, these 
elements retain residual protein-coding ca- 
pacity as well. 

LINE-1 sequences make copies of them- 
selves by producing a 6-kilobase (kb), bi- 
cistronic RNA intermediate transcribed 
from an internal RNA polymerase II pro- 
moter. The first of its open reading frames 
(ORFs) encodes ORFIp, which forms an 
RNA-binding homotrimer. The second 
ORF encodes ORF2p, which encompasses 
endonuclease and reverse transcriptase 
domains, which are responsible for mak- 
ing cDNA copies of the LINE-1 RNA and 
inserting these into the genome. ORF2p 
functions can also be co-opted by noncod- 
ing Alu and SVA elements to reverse tran- 
scribe and integrate their sequences into 
the genome instead of the protein-coding 
LINE-1 RNA. Collectively, LINE-1, Alu, and 
SVA insertions are uncommon but recur- 
rent causes of genetic mutation, leading 
to various constitutional genetic diseases. 
In almost every case, the transposable el- 
ement inserts into a critical portion of a 
gene and causes a loss-of-function allele. 

Disease-causing insertions can occur in 
or be transmitted by the germline and thus 
establish an allele frequency in a human 
population. Another effect of germline 
transmission is that each individual inher- 
its a different complement of active trans- 
posons (2). It may follow that the expres- 
sion of mobile elements and the burden 
of retrotransposition consequently varies 
from person to person, and whether there 
are limits to what is tolerable is unknown. 
During development and in adults, trans- 
position may contribute to genetic hetero- 
geneity in various tissues (somatic mosa- 
icism), but to what degree and whether 
this is pathogenic are difficult to know. 
Baseline activity may be physiologic. It has 
been hypothesized that somatic retrotrans- 
position is a source of functional genetic 
diversity in normal neuronal development. 
However, single-cell sequencing experi- 
ments indicate that the level of somatically 
acquired insertions in neurons is very low, 


making a required role for these insertions 
in normal development seem unlikely (3). 

Like gene expression, transposable ele- 
ment expression patterns are cell type- 
specific and can depart from normal in 
diseased states. For example, LINE-1 pro- 
moter hypomethylation and LINE-1 over- 
expression are hallmarks of many cancers, 
and ORFIp accumulates in several of the 
most common and commonly lethal human 
malignancies (4) in association with loss of 
the 7P53 tumor suppressor gene (5). Other 
types of retroelements show altered expres- 
sion in cancers as well. This inspires prac- 
tical questions, such as whether these can 
be used as biomarkers of disease—as well 
as more fundamental questions, such as 
what regulatory mechanisms are responsi- 
ble for expression of transposable elements, 
and whether the expression of transpos- 
able elements is epiphenomenal or causes 
malignancy. 

Transposable element-encoded regula- 
tory sequences can alter chromatin states 
and affect nearby gene expression (see the 
figure). Thus, transposon activation may 
underlie or be coordinated with gene ex- 
pression changes that promote transforma- 
tion, although demonstrations of this are 
limited. What about transposon activation 
independent of these regulatory effects? 
There are anecdotal cases in which an in- 
dividual has inherited a LINE-1 locus that 
escaped silencing by promoter methylation 
and went on to “drive” tumor development 
through insertional mutagenesis, disrupt- 
ing expression of the adenomatous pol- 
yposis coli (APC) tumor suppressor gene 
in colonic epithelium and leading to colon 
cancer (6). Overt cancer-driving mutations 
such as these are rare, however. 

Somatically acquired LINE-1 insertions 
that appear to be “passengers” (nondriver 
alterations) in cancer genomes are much 
more commonplace (7). If individual inser- 
tions are functionally unimportant, do they 
collectively represent a meaningful muta- 
tional signature? Recent studies indicate 
that LINE-1 insertion intermediates can 
cause chromosomal rearrangements (7) and 
pose barriers to DNA replication (8). These 
data suggest that DNA lesions induced dur- 
ing transposition may have underrecog- 
nized roles in shaping cancer genomes and 
that acquiring tolerance for LINE-1 activity 
may be a prerequisite for tumorigenesis. 

Given the widespread expression of 
LINE-1 in cancers, it may be an intuitive 
assumption that transposable element 
activation promotes malignant growth. 
Paradoxically, however, imposing transpo- 
son expression in experimental systems 
is often cytotoxic. Expression of LINE-1, 
Alu, and ERV elements can induce in- 
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Cellular effects of transposable element dysregulation 

Transposable element (TE) activation can directly regulate gene expression when the locus encodes 

a regional promoter or enhancer (top). TE dysregulation can also have cellular effects (bottom); for example, 
innate immune pattern recognition receptors (PRRs) can be activated by DNA damage or cDNA produced 
by retroelement proteins, or by self-hybridizing double-stranded RNA (dsRNA). 
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nate immune responses, triggering nucleic 
acid-sensing pattern recognition receptors 
and interferon signaling, much like infec- 
tion by an exogenous virus. Depending 
on the type of transposon and cell con- 
text, these innate immune _ responses 
may be mediated by DNA damage, by 
the activity of retrotransposon-encoded 
reverse transcriptase, or by the presence 
of self-hybridizing double-stranded RNAs 
(dsRNAs). The resulting so-called “viral 
mimicry” can curtail tumor growth through 
cell autonomous mechanisms (inducing 
cell cycle arrest or limiting protein transla- 
tion) or by prompting clearance of the cells 
by the immune system. Thus, in the early 
stages of transformation, epigenetic activa- 
tion of transposons may prevent or restrain 
tumor development (9). In fully developed 
cancers, transposon activity may promote 
genome evolution and the emergence of 
tumor cell clones with particular charac- 
teristics. Additionally, malignancies could 
be at a “tipping point,’ at which enhanc- 
ing transposition is unsustainable or limits 
tumor growth under particular conditions. 
Epigenetic agents to enhance transposon 
expression, for example, may enhance 
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responses to immunotherapies or create 
molecular dependencies (J0-12). To the 
extent that transposons can be leveraged 
to incite DNA damage, this strategy may 
sensitize cancers to genotoxic agents or to 
DNA repair inhibitors (8). 

Beyond cancer, transposon-induced in- 
nate immune signaling or DNA damage is 
implicated in aging and various diseases. 
In aging, reduced expression of the 3’ exo- 
nuclease TREX1 (three-prime repair exo- 
nuclease 1) and up-regulated activity of 
LINE-1 ORF2p together may promote ac- 
cumulation of cytoplasmic cDNA, inducing 
senescence-associated interferon signal- 
ing (3). Mutations compromising TREXI 
in Aicardi-Goutiéres syndrome (AGS) may 
have an analogous interaction with trans- 
posons that fuels pathologic interferon 
signaling and encephalopathy (/4). This 
hypothesis led to ongoing clinical trials 
of reverse transcriptase inhibitors in AGS. 
Reverse transcriptases are one of several 
protein types encoded by the “noncoding” 
genome, and others may be relevant to 
disease. For example, ERV expression has 
been associated with the neurodegenera- 
tive disease amyotrophic lateral sclerosis, 


and expression of an ERV-encoded env 
protein in mice causes DNA damage and 
motor neuron degeneration through un- 
known mechanisms (75). The hypothesis 
that retroelement expression is pathogenic 
is now being pursued for several neurode- 
generative diseases. 

There are a host of technical needs to 
better understand the role of transposons 
in disease. Interspersed repeats are vari- 
able and exist in high copy numbers in the 
genome, and they are pervasively incorpo- 
rated in pre-mRNAs and long noncoding 
RNAs (IncRNAs). Therefore, finding DNA 
insertion variants or differentially ex- 
pressed loci in sequencing datasets is chal- 
lenging. Reference genomes and genotyp- 
ing tools are needed that capture heritable 
variants in active transposons. Single-cell 
sequencing approaches are needed to in- 
dicate de novo insertions and associated 
genome rearrangements, to reveal expres- 
sion of specific transposon loci, and to pro- 
file repeat-containing cDNA and dsRNA 
species. Reagents to study this biology in 
diseased tissues and in clinical specimens 
will also be important. Most nucleic acid 
probes and primers designed against a re- 
petitive sequence will indiscriminately hy- 
bridize with unintended targets that exist 
throughout the genome. If overexpression 
of a transposable element is technically 
straightforward to recreate in experimen- 
tal models and sufficient to cause disease, 
tools are needed to ascertain whether it is 
a necessary contributor. Removing retroel- 
ements from a disease model is challeng- 
ing, especially because they are often spe- 
cies-specific and exist among many highly 
homologous sequences. Models that use 
human tissue, locus-specific genetic ap- 
proaches, and pharmacologic agents that 
precisely target retroelements are needed 
for functional studies and to set the stage 
for our bench-to-bedside aspirations. 
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Countering the future 
chemical weapons threat 


Shift focus from disarmament to preventing reemergence 


By Tuan H. Nguyen 


fter decades of difficult negotiations, 

the Chemical Weapons Convention 

(CWC) was adopted in 1993 and en- 

tered into force on 29 April 1997, ban- 

ning the development, production, 

stockpiling, transfer, and use of chem- 
ical weapons (CW). As the CWC celebrates 
the 25th anniversary of its entry into force, 
it can document considerable success, much 
of it attributed to the CWC implementing 
body—the Organisation for the Prohibition 
of Chemical Weapons (OPCW). Yet, facing a 
volatile international security environment 
and an everchanging chemical industry, the 
OPCW must transform to meet its mission 
and remain an exemplar for multilateral- 
ism. As the next CWC review conference ap- 
proaches in 2023, a next-generation OPCW 
2.0 can be effective and credible only if it 
reinforces international norms against CW, 
anticipates future challenges posed by ad- 
vancements in science and technology (S&T), 
incorporates more qualitative elements into 
the verification and compliance system, and 
keeps pace with technological change. 

The CWC is the first multilateral disar- 
mament agreement to provide for the com- 
prehensive ban, including elimination, of 
an entire category of weapons of mass de- 
struction (WMD). The treaty has almost uni- 
versal membership. The OPCW, which was 
awarded the Nobel Peace Prize in 2013, has 
conducted more than 4200 total industry 
inspections and overseen the destruction of 
99% (71,614 metric tons) of the world’s de- 
clared CW stockpiles (1). 


TOWARD THE OPCW 2.0 

Since entry into force, the OPCW’s primary 
focus has been on the elimination of exist- 
ing CW stockpiles and production capaci- 
ties and the prevention of their acquisition 
in the future. The OPCW routine verifica- 
tion activities center around the continu- 
ous monitoring of CW stockpile destruction 
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and the highly intrusive on-site inspections 
of industry facilities to ensure that they are 
not diverted for CW-related activities. By 
September 2023, all remaining declared CW 
stockpiles and equipment are to be elimi- 
nated (2). The OPCW will transition from 
an organization focused on chemical disar- 
mament to one dominated by nonprolifera- 
tion and threat-reduction activities. Given 
the recent use of CW in a civil war and for 
assassinations, the OPCW will increasingly 
focus on states and nonstate actors that are 
developing or using CW. 

Thus, the OPCW 2.0 will see time and re- 
sources that are now devoted to the elimina- 
tion of declared stocks repurposed for non- 
routine verification activities. These include 
investigations of alleged CW use, challenge 
inspections, and more routine industry 
inspections, especially of other chemical 
production facilities (OCPFs), which manu- 
facture large quantities of discrete organic 
chemicals that contain phosphorus, sulfur, 
or fluorine—the common constituents of 
blister and nerve agents—that are not on 
the CWC schedule of banned and controlled 
chemicals. To remain effective and credible, 
the challenge for the OPCW is that it must 
transform itself as a technical organization in 
a highly polarized political environment. 


REINFORCING NORMS 

For its survival and relevancy in the future, 
negotiators recognized the need for the CWC 
to be a dynamic document that empowers 
the OPCW to evolve, adapt, and adjust for 
the possibility of improvement based on a 
changing threat environment. The OPCW 
2.0 must reinforce international norms 
against CW by exercising existing verifica- 
tion mechanisms and strengthening them 
by enhancing its technical capacity and de- 
veloping new technical tools. Many ques- 
tions arise. How do the States Parties and 
OPCW reduce the benefit and utility of CW 
programs to violators? Should the States Par- 
ties and OPCW seek to invoke the challenge 
inspection mechanism, which is intended as 
a verification safety net to capture and deter 
clandestine and undeclared CW activities lo- 
cated in another member state? 


Case studies can shape answers to such 
questions. Knowledge gained from the 
United Nations (UN) Special Commission’s 
experience in dealing with CW stocks in 
Iraq after the Iran-Iraq War and Desert 
Storm in the 1980s and early 1990s, respec- 
tively, informed the negotiation of the CWC 
and the creation of the OPCW. This experi- 
ence was critical to developing the intrusive 
industry verification regime, which is the 
hallmark of the CWC and the reason why it 
can still be effective in the future. More re- 
cently, the mission in Syria was a watershed 
moment for the OPCW. The coordination 
and cooperation by the international com- 
munity in 2014 to remove, transport, and 
destroy Syria’s CW stockpile was a power- 
ful demonstration of effective multilateral- 
ism. However, the OPCW has much more 
work ahead. Allegations of CW use by Syria 
on multiple occasions from 2014 to 2018, 
as well as conclusions by the OPCW Fact- 
Finding Mission that CW were used on mul- 
tiple occasions and by the OPCW-UN Joint 
Investigative Mechanism that attributed the 
sarin and chlorine attacks to the Syrian re- 
gime and the sulfur mustard attacks to the 
Islamic State of Iraq and the Levant (ISIL), 
are still denied by the perpetrators and 
their partners. 

The standard-of-proof issue has been a 
long-standing problem for verification and 
compliance of arms control and disarma- 
ment agreements. It is a tall order to find, 
identify, and attribute activities that provide 
undisputable evidence of treaty violation. 
Without the ability to hold violators account- 
able, the CWC and OPCW will decrease in 
effectiveness in a postdisarmament future af- 
ter all declared CW stockpiles have been de- 
stroyed. A step in the right direction was the 
2018 decision by the States Parties granting 
the OPCW the mandate to investigate and 
attribute responsibility of alleged CW use in 
Syria, which included the establishment of 
an Investigation and Identification Team that 
functions under the direct authority of the 
OPCW director-general (3). 

In addition to the mission in Syria, the 
OPCW has assisted in the investigation 
and confirmation of other recent incidents 
of alleged CW use. The OPCW provided 
technical assistance to the Malaysian gov- 
ernment in 2017 when the VX nerve agent 
was used to assassinate Kim Jong-nam, the 
half-brother of Kim Jong-un, the leader of 
North Korea. Technical assistance from the 
OPCW was provided again in 2018 when 
a novichok agent was used in the assassi- 
nation attempt on Sergei and Yulia Skripal 
in Salisbury, UK. Novichoks are a class 
of organophosphorus nerve agents devel- 
oped by the former Soviet Union during 
the Cold War that were not listed on the 


22 APRIL 2022 « VOL 376 ISSUE 6591 8355 


INSIGHTS | POLICY FORUM 


CWC Annex on Chemicals at the time of 
the Salisbury attack. The OPCW confirmed 
the UK’s finding that a novichok was used 
in the attack but did not provide attribu- 
tion identifying the perpetrators of the 
assassination attempt. Nevertheless, the 
Salisbury case resulted in novichoks being 
added to Schedule 1 of the CWC Annex on 
Chemicals—the first time that the annex 
has been updated. Despite this, a novichok- 
type agent was used again in the 2020 as- 
sassination attempt on Alexei Navalny (4). 

The lack of accountability for these inci- 
dents erodes and weakens the international 
norm against CW. The use of CW perpetuates 
doubts about the compliance of some States 
Parties and undermines the credibility and 
overall effectiveness of the CWC. The inter- 
national community must be assured that 
all CW programs declared by 
member states are completely 
dismantled. From a disarma- 
ment perspective, this is the fun- 
damental reason why account- 
ability and credible attribution 
of CW use matter. 

To address and investigate 
claims of noncompliance, ne- 
gotiators included provisions 
in the CWC for member state- 
initiated mechanisms for the 
OPCW to investigate allegations 
of CW use and to conduct short- 
notice challenge inspections. To 
date, no member state of the 
CWC has requested a challenge 
inspection. There are many rea- 
sons for this, both technical and 
political. The standard-of-proof 
challenge raises doubts about 
the OPCW’s technical capacity 
to find, identify, and attribute 
violations during a challenge 
inspection. The political risks 
of failure during a challenge inspection to 
find indisputable evidence to substantiate a 
cheating or violations charge could end up 
provoking a cycle of retaliatory challenge 
inspections. As such, challenge inspections 
should be thought of not only as a mecha- 
nism for cases where there is clear evidence 
of cheating and violations but also as an in- 
strument to clarify ambiguities, resolve dec- 
larations inconsistencies and discrepancies, 
and address concerns about compliance to 
prevent violators from circumventing the 
CWC and undermining its effectiveness. 

If the challenge inspection mechanism 
continues to remain unused, its deterrence 
value will decline. To aid in these investiga- 
tive efforts, the OPCW 2.0 needs to enhance 
and further develop technical competen- 
cies in areas that include forensic science, 
evidence collection, data management, and 
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crime-scene reconstruction. The 2019 report 
by an OPCW working group on investiga- 
tive S&T provides activities that the OPCW 
should consider to enhance its technical and 
operational capabilities and capacity to pro- 
vide technical assistance to member states 
and to effectively conduct nonroutine mis- 
sions, such as fact finding and investigations 
for attribution (5). 


ANTICIPATING S&T CHALLENGES 

Advances in S&T lower the barriers for 
WMD proliferation by enabling alterna- 
tive proliferation pathways that present 
challenges for verification and compliance 
regimes. The convergence of knowledge in 
the life and physical sciences and engineer- 
ing disciplines is enabled and accelerated 
by information technology and expanded 


access to research findings, data, and ad- 
vanced computing and algorithms. Ad- 
vances in gene editing, biocomputations, 
and predictive biology tools coupled with 
systems biology will enable the design and 
tailoring of molecules that are well suited 
for an intended role or purpose. New addi- 
tive manufacturing techniques, along with 
other just-in-time production technolo- 
gies, can challenge verification and com- 
pliance protocols. 

Yet many dual-use technologies required 
for CW production have been known for 
more than 70 years. The production of or- 
ganophosphorus nerve agents is not funda- 
mentally different from the production of 
commercial pesticides. Still, the synthesis 
of some organophosphorus nerve agents re- 
quires a few chemical reactions that are not 
common in the production of commercial 


for the Prohibition of Chemical Weapons conduct a 
mock investigation of dummy chemical weapons in Rijswijk, the Netherlands, in 2017. 


pesticides, such as the fluorination and al- 
kylation reactions that form the phosphoryl- 
fluoride functional group and phosphoryl- 
carbon bonds. The phosphoryl-carbon bond 
is critical to the physicochemical proper- 
ties of organophosphorus nerve agents and 
guided the organization of the schedules of 
the CWC Annex on Chemicals. 

To achieve phosphoryl-carbon bonds by 
the Michaelis-Arbuzov rearrangement re- 
action, one of the most important and fun- 
damental reactions in organophosphorus 
chemistry, heat must be applied under tradi- 
tional conditions. Large-scale production re- 
quires industrial-size heating mantles, heat 
exchangers, other specialized equipment, 
and safety containment measures. It had 
long been assumed that CW-capable facili- 
ties would have large footprints and distinc- 
tive signatures and be limited in 
number. But modern synthetic 
organic chemistry provides al- 
ternative methods and _ path- 
ways. This same rearrangement 
reaction to form phosphoryl- 
carbon bonds can occur without 
heat and instead be catalyzed by 
visible light or common organic 
reagents at room temperature 
(6-8). Microwave energy can be 
used to efficiently carry out the 
transformation without the need 
for traditional heat sources (9). 
Most future WMD threats may 
thus have smaller footprints 
and less distinct signatures and 
be more closely associated with 
legitimate civilian-industrial ac- 
tivities rather than with highly 
centralized, large-scale weap- 
ons programs run by military 
entities (70). 

The renaissance of photo- 
chemical and electrochemical 
methods for chemical synthesis is bringing 
forth a multitude of innovative chemical 
transformations. For decades, some of the 
prevailing challenges facing photochem- 
istry and electrochemistry have been re- 
producibility, scale, and efficiency. Many 
of these issues may now be overcome by 
using continuous-flow platforms devel- 
oped in collaboration with engineers and 
computer scientists. The scale-up poten- 
tial of this approach is demonstrated by 
the synthetic output of a desired product 
at a rate exceeding 5 kg/day from simple 
precursors (J1). The Michaelis-Arbuzov 
reaction can now be carried out in a con- 
tinuous-flow and solvent-free method (12). 
Photocatalytic fluorinations have also been 
demonstrated in continuous flow as a mild 
alternative to traditional methods that are 
both highly toxic and corrosive, avoiding 


science.org SCIENCE 


PHOTO: OPCW/CC BY-NC 2.0 


equipment lined with corrosion-resistant 
alloys and other specialized materials (73). 

Such changes can make possible what 
was once thought challenging or impossible. 
Combined with changes in process chemistry 
enabled by automation, robotics, and algo- 
rithms to assist with synthetic design, reac- 
tion prediction, and starting material selec- 
tion, modern synthetic organic chemistry will 
challenge the way verification inspections are 
done. Will inspectors be looking for the right 
signatures for CW production? Or should 
they be thinking about nontraditional pre- 
cursors, nontraditional equipment and facili- 
ties, and maybe even nontraditional people? 
Mechanisms for verification and compliance 
of these new developments are not as clear, 
even though the CWC, more than any other 
multilateral arms control treaty, is highly 
detailed with its comprehensive verification 
system. The challenge for the OPCW 2.0 will 
be to ensure that inspectors are aware of 
these platform technologies, recognize their 
enabling capabilities, and understand the po- 
tential for CW production. 


BECOMING MORE QUALITATIVE 

Lessons can be learned from the Nuclear 
Non-Proliferation Treaty’s 1997 Additional 
Protocol, which was a direct response to the 
discovery of secret nuclear weapons pro- 
grams in Iraq and North Korea in the early 
1990s (14). The Additional Protocol sought 
to strengthen and expand existing Inter- 
national Atomic Energy Agency (IAEA) 
safeguards for verification of nuclear tech- 
nology. The purpose was to provide the in- 
ternational community with a measure of 
confidence that any diversion of material 
and technologies to a weapons program 
would be detected quickly. 

To accomplish this, the underlying no- 
tion of the Additional Protocol was to re- 
structure the IAEA safeguards regime from 
a quantitative system to one that was more 
qualitative. Instead of focusing only on ac- 
counting for declared quantities of nuclear 
material and monitoring declared activities, 
the Additional Protocol sought to focus more 
on providing a comprehensive picture of a 
State Party’s activities. To achieve this, the 
amount and type of information provided to 
the IAEA expanded, the number and types of 
facilities subject to inspection increased, and 
environmental sampling during such inspec- 
tions was made possible. 

Today, the CWC verification regime is 
mostly quantitatively focused on complete 
accountability of all items declared for CW 
programs, whereas industry verification is 
basically to confirm the nonproduction of 
CW. OPCW inspectors do not have the au- 
thorization to detect chemicals other than 
those listed in the official OPCW analyti- 
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cal database, which is limited to scheduled 
chemicals. Although an Additional Protocol 
for the CWC is not appropriate because the 
nuclear and chemical threats are different, 
challenges posed by advances in S&T require 
the OPCW 2.0 to evolve the industry verifi- 
cation paradigm to become more qualitative 
to provide a more comprehensive picture of 
activities at declared facilities. For example, 
the site-selection methodology for inspection 
of OCPFs needs to be refined to target facili- 
ties that pose the greatest risk for diversion to 
CW production—perhaps inclusion of open- 
source information to enhance the verifica- 
tion process. 


KEEPING PACE WITH TECHNOLOGY 
In the past, countering the CW threat was 
primarily focused on keeping precursor 
materials and/or toxic chemicals out of the 
hands of proliferators by securing knowl- 
edge, specialized materials, and dedicated 
equipment. That strategy was believed to be 
effective because the infrastructure to sup- 
port large-scale military CW campaigns was 
expected to have a large footprint, have many 
signatures, and require considerable scale-up 
time. While looking for large, questionable 
chemical facilities, efforts focused on regula- 
tion and control of construction or source- 
material transport. But today, substantial 
amounts of materials and knowledge can be 
gathered outside traditional supply chains, 
including through the internet. Proliferators 
can find recipes for chemical agents, as ex- 
emplified by the reemergence of illicit syn- 
thetic designer-drug networks that seem to 
stay one step ahead of regulators at a time 
when we face the prospect that substantial 
amounts of CW could be produced in low- 
profile facilities. New chemical production 
processes and technologies enable just-in- 
time production, the widespread adoption 
of which could facilitate treaty breakout sce- 
narios in which a member state vacates dis- 
armament commitments, reneges on treaty 
obligations, and rapidly rearms (J5). 
Fortunately, many of the same _ break- 
through technologies that will challenge the 
OPCW 2.0 will also afford the organization 
new enabling capabilities to accomplish its 
mission more effectively. Instead of rely- 
ing solely on data from site inspections and 
declared information, more comprehensive 
assessments can be made with data analytic 
tools being adopted in the commercial sector, 
including data aggregation tools, space-based 
assets for “eyes on the ground” capabilities, 
and open-source information products. 
Advances in remote sensing and automated 
sampling systems could transform the way 
we think about and execute monitoring and 
verification activities. The OPCW 2.0 needs to 
keep pace with technological developments 


to improve the conduct of verification by 
adopting new methods and types of inspec- 
tion equipment. 

The mission of the OPCW 2.0 will not 
change: to implement the provisions of the 
CWC to advance the vision of a world free 
of threats from CW. The issue is not about 
what to do but how to do it. The greatest 
challenge for the OPCW 2.0 is not in the legal 
framework of the CWC or the tools needed 
to adapt, but rather the political will to use 
them. After 25 years, the CWC and the OPCW 
are at a crossroads. The path that the OPCW 
2.0 takes will determine whether the CWC 
continues to be celebrated as a model for 
multilaterally negotiated arms control and 
disarmament and a central pillar to our strat- 
egy to counter WMD threats or risks becom- 
ing less effective in the future international 
security environment. 


REFERENCES AND NOTES 
1. OPCW, OPCW by the numbers; https://www.opew.org/ 
media-centre/opcw-numbers [accessed 26 March 


2. Program Executive Office of the Assembled Chemical 
Weapons Alternatives (ACWA), U.S. chemical weapons 
stockpile destruction progress; https:/Awww.peoacwa. 


army.mil/destruction-progress7 [accessed Zo March 


3 OPCW, “Decision: Addressing the threat from chemical 
weapons use” (C-SS-4/DEC.3, OPCW, 2018); https:// 
www.opcw.org/sites/default/files/documents. 


CSP/C-SS-47en/css4dec ge doe par 

4. a issues report on technical assistance 
requested by Germany,” 6 October 2020; https:/Avww. 
opcw.org/media-centre/news/2020/10/opcw-issues- 


Repor -technical-assistance-requeste ALE 

5: , Investigative science and technology report 
of the scientific advisory board's temporary working 
group” (SAB/REP/1/19, OPCW, 2019); https:/Awww. 
opew.org/resources/documents/subsidiary-bodies/ 


scientific-advisory-board, 
6. R.S.Shaikh, S.J. S. Diisel, B. Konig, ACS Catal. 6, 8410 


(2016). 

7. G.G.Rajeshwaran, M. Nandakumar, R. Sureshbabu, A. K. 

Mohanakrishnan, Org. Lett.13,1270 (20 

8. S.M.A.Kedrowski, D.A. Dougherty, Org. Lett.12,3990 

(2010). 

9. P.Jansaetal., Green Chem. 13, 882 (2011). 
10. J.P.Caves Jr.,W.S. Carus, “The future of weapons 

of mass destruction: Their nature and role in 2030” 

(Occasional Paper 10, National Defense Univ. Press, 


2014); https://ndupress.ndu.edu/Portals/97/ 


Documents/Publications/Occasional%20Papers/10_ 
Future%2001%20WMD.pdt 


1. MG Beaver etal. Org. Process Res. Dev.24, 2139 

(2020). 

A. Jasiak et al., J. Org. Chem. 84, 2619 (2019). 

M. Meanwell, J. Lehmann, M. Eichenberger, R. E. Martin, 

R. Britton, Chem. Commun. 54, 9985 (2018). 

4. IAEA, IAEA safeguards overview: Comprehensive safe- 
guards agreements and additional protocols; https:// 
www.iaea.org/topics/additional-protocol. 


5. THA Nguyen, Science 309, 1021 (2005). 


CKNOWLEDGMENTS 


his article is dedicated to the memory of Ambassador 
jonald A. Mahley. The author thanks Ambassador 

.F. Lehman for constructive feedback. The views and 
pinions presented here are those of the author and do not 
necessarily state or reflect those of the US government or 
Lawrence Livermore National Security, LLC. This work was 
performed under the auspices of the US Department of 
Energy by Lawrence Livermore National Laboratory under 
contract no. DEAC52-07NA27344, document release no. 
LLNL-JRNL-833178. 


= 
LS 


wn 


onmUs Pb 


10.1126/science.abo6380 


22 APRIL 2022 * VOL 376 ISSUE 6591 357 


TRAVELS FOR 
ee ees 
an riendas 
We invite you to join us! NEWS FROM 


Discover Mesa Verde 
& the San Juan Mtns. 
September 18-26, 2022 


Subscribe to News from Science for 
unlimited access to authoritative, 
up-to-the-minute news on research 
and science policy. 


dramatic landscapes in 
SW Colorado and the 
Canyonlands of SE Utah 
at the time of golden 
fallaspen colors. 
$3,895 pp + air. 


W. AUSTRALIA 


Total Solar Eclipse 
April 13-24, 2023 


We invite you to join our 
Total Solar Eclipse Adventure 
to Western Australia, based 
near Exmouth on 1/4 million 
acre Bullara Cattle Station. 
Discover the heritage of Perth 
and Ningaloo Marine Reserve. 
$8,495 pp tair 


Fora detailed brochure, 
please call (800) 252-4910 
All prices are per person twin share + air 
bit.ly/NewsFromScience 
BETCHART EXPEDITIONS inc. 
17050 Montebello Rd 
Cupertino, California 95014 
Email: AAASInfo@betchartexpeditions.com 
tions.com 


PHOTO: ALEX WILD 


Animal agriculturalists 


There is much to learn from the farming practices of ants, 


termites, and other insects 


By Julio C. Postigo' and Joan E. Strassmann? 


he chicken, potatoes, and chickpeas 

on our dinner plates each come from 

different places where humans tran- 

sitioned from casual to intense rela- 

tionships with the animals and plants 

that sustain us. These transitions 
happened in at least 12 and 
probably more than 20 differ- 
ent places 4000 to 21,000 years 
ago in times of stable and im- 
proving climate (1). 

Some insects have been agri- 
culturalists for tens of millions 
of years longer than humans. 
It is therefore possible that we 
can learn from their agricultural 
practices to both improve our 
own and to see what our future 
might hold. In June 2019, Ted 
Schultz, Richard Gawne, and 
Peter Peregrine brought together a team of 
experts for the 38th Altenberg Workshop in 
Theoretical Biology to consider this possibil- 
ity. The Convergent Evolution of Agriculture 
in Humans and Insects synthesizes the out- 
comes of this event. 
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The Convergent 
Evolution of Agriculture 
in Humans and Insects 
Ted R. Schultz, Richard Gawne, 
Peter N. Peregrine, Eds. 
MIT Press, 2022. 338 pp. 


The researchers present at the workshop 
agreed that agriculture is “cultivation on a 
large scale in which the farmer has become 
obligately dependent on the cultivated species 
for nutrition.” Agriculture itself they expected 
to be preceded by cultivation and domesti- 
cation, where the former simply facilitates 
growth and proliferation of the crop, be it 
animal or plant, and the latter 
requires some form of genetic 
change that makes the crop more 
suitable for the farmer and less 
able to proliferate on its own. 

This book discusses many 
forms of animal agriculture, but 
its focus is on the relationship be- 
tween macrotermitine termites 
and Termitomyces fungi more 
than 24 million years ago and 
the relationship between attine 
ants and their fungi more than 
55 million years ago. In each of 
these cases, domestication of the fungus arose 
only once and caused their hosts to proliferate, 
making them dominant in their ecosystems. 

Perhaps the most interesting message 
from observing animal rearing of both crops 
and animals is that the crops are nearly al- 
ways clonal. This is true for higher termites 
and leaf-cutting ants, for damselfish that 
prune their algae gardens, for ambrosia bee- 
tles seeding their wood tunnels with fungi, 
and for ant queens that take their mating 


The tropical ant species Cyphomyrmex 
rimosus farms yeast. 


flight with a single mealy bug gently held in 
their mandibles. Clonality eradicates within- 
crop evolutionary conflict. Such conflict re- 
duces productivity, causing plants to invest 
more in stems to overtop neighboring plants 
than in seeds, for example. 

The role of clonality or high relatedness 
among crop plants is something R. Ford 
Denison explores in depth in chapter 3. 
While clonality may solve within-crop con- 
flict, it introduces another problem: A sin- 
gle clone will be much more easily defeated 
by diseases and competitors, although this 
is less of a problem if individual farmers 
tend different clones. Other chapters look 
at the morphological consequences of ag- 
riculture for both humans (Menéndez and 
Buck, chapter 12) and their crops (Gawne 
and McKenna, chapter 13), emphasizing the 
complexity of trade-offs. 

There are many organisms that depend 
on symbionts for nutrition. The fungus in a 
lichen symbiosis depends on the algae or the 
dinoflagellate it entraps. Coral polyps are 
animals that depend on plant zooxanthellae 
for nutrition (2). These symbioses between 
animals or fungi and plants or dinoflagellates 
involve the cultivation, domestication, and 
ultimately mutual dependence between two 
different organisms. These crops are also of- 
ten clonal for the same reasons as agricultural 
crops. What, then, constitutes agriculture? 

Perhaps the difference between these 
symbioses and those relationships we call ag- 
riculture lies only in that agriculture requires 
deliberate action and behavior and the other 
symbioses arise from processes that occur at 
the physiological or cellular level. But is this 
really a meaningful difference? If ants and 
termites cultivated plants rather than fungi, 
they would not have to perform the behavior 
of bringing in food, because plants and dino- 
flagellates grab their carbon from the air. 

Termites and attine ants have transformed 
their ecosystems. But we have taken these 
transformations even farther, sowing single 
crops on thousands of acres of the planet. 
Indeed, there is very little space left for hu- 
man agricultural expansion (3). Perhaps if 
we paid more attention to how insects farm, 
we might learn more about reducing compe- 
tition between domesticated plants and ani- 
mals, thereby increasing yield and reducing 
the need for more land. 
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of the Mesozoic’s mass extinction 


By Victoria Arbour 


ixty-six million years ago, the begin- 

ning of the end of the age of dino- 

saurs came crashing down in the 

form of a Mount Everest-sized as- 

teroid that struck what is now the 

Yucatan Peninsula in Mexico. It is 
a familiar end to many popular dinosaur 
books, documentaries, and other me- 
dia published since the 1980s, when 
the asteroid impact hypothesis began 
gaining ground as the driver of the 
end-Cretaceous mass extinction. But 
the details of this cataclysmic event, 
and what happened afterward, have 
rarely received the feature-length 
treatment that Riley Black presents 
in The Last Days of the Dinosaurs: An 
Asteroid, Extinction, and the Begin- 
ning of Our World. 

In just over 300 pages, Black pulls 
together decades of scientific re- 
search on the demise of the nonavian 
dinosaurs into a deeply compelling 
narrative of both luck and misfor- 
tune in the face of almost unimagin- 
able calamity. Major advances over 
the past 15 years in particular have 
enhanced our understanding of 
the end of the Mesozoic era and its 
mass extinction, making this a timely 
and distinctive addition to the ever- 
expanding landscape of popular sci- 
ence dinosaur books. 

Starting just a few days before the 
asteroid impact, Black centers the 
story on the animals present in the 
Hell Creek Formation of the western 
United States, a geological unit that 
has been extensively studied for more 
than 100 years and that provides the 
best window we have into the time 
before and after the mass extinction. 
Through the eyes of the inhabitants 
of Hell Creek, readers pass through the mo- 
ment of impact and then the first hour, day, 
month, and year of the Cenozoic era. 

The story continues with chapters set 
one hundred, one thousand, one hundred 
thousand, and one million years after the 
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asteroid impact, charting the slow but 
steady reshaping of the world. The final 
chapter includes a visit to a geological site 
preserving markers of the impact itself and 
reflections on the nature of mass extinc- 
tion and what lessons humanity can take 
away from this singular event. Each chap- 
ter ends with a detour to somewhere else 
on the planet—Antarctica, India, and the 


A marsupial traverses a branch above a Pachycephalosaurus 
in this artistic rendering of the dinosaurs’ last days. 


Atlantic Ocean, for example—providing a 
global balance to this otherwise tightly fo- 
cused narrative. 

Unlike the other mass extinctions re- 
corded in the fossil record, extinction for 
most species at the end of the Cretaceous 
probably happened within a few hours or 
days after the asteroid impact. Black’s writ- 
ing captures the horror of the impact event 
without lingering on doom and gloom, 


instead keeping a steady momentum fo- 
cusing on survival and change. The Last 
Days of the Dinosaurs emphasizes the lim- 
its of adaptation and natural selection in 
the face of abrupt environmental change, 
highlighting how this singular event cre- 
ated a powerful filter that favored the 
small and unfussy over large and special- 
ized creatures. 

Many of the main players in the 
book’s first few chapters—Tyranno- 
saurus, Triceratops, and Ankylosau- 
rus, to name a few—will be familiar 
to most readers. But the animals often 
overshadowed (metaphorically and 
literally) by dinosaurs are given some 
much-deserved attention here, too. 
Black recounts stories of lucky sur- 
vivors whose descendants will be fa- 
miliar to many readers—frogs, snakes, 
turtles, and crocodiles—and organ- 
isms that rarely get a mention in di- 
nosaur stories, such as the planktonic 
coccoliths and coil-shelled ammo- 
nites. And of course, as the nonavian 
dinosaurs pass into history, we see the 
changes that happen to the ancestors 
of today’s mammals, who evolved into 
new forms in the empty spaces cre- 
ated by the asteroid’s aftermath. 

Instead of extensively annotating the 
text with footnotes or citations, Black 
provides a welcome appendix summa- 
rizing the evidence used to build the 
stories told in each chapter. This keeps 
the text flowing without interruptions 
while still making clear the limits of 
current scientific evidence and where 
informed speculation fills in the gaps. 
Detailed notes close out the book, with 
references to primary literature for 
those who want to dig deeper. Each 
chapter also includes charming illus- 
trations of that chapter’s main “pro- 
tagonist” by artist Kory Bing. 

The Last Days of the Dinosaurs would fit 
equally comfortably on the bookshelf of a 
die-hard dinosaur enthusiast, someone re- 
visiting their childhood love of dinosaurs 
or paleontology, and anyone interested 
in the science of extinction or the transi- 
tion from the age of dinosaurs to the age 
of mammals. & 
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Floating wind turbines, such as these two en route to the world’s first floating wind farm, could affect the environment in ways that have not yet been identified. 
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Offshore renewables need 
an experimental mindset 


The development of floating wind turbines 
that can operate in deep, offshore waters 
has unlocked tremendous energy generation 
potential (7). Existing floating offshore wind 
turbines, however, are still in demonstra- 
tion phases. Because only about 10 turbines 
exist worldwide (2), their short- and long- 
term environmental impacts are still largely 
unknown. Floating wind turbines are likely 
to come with their own set of unique risks 
(3), which could include secondary entangle- 
ment of marine life in debris ensnared on 
stabilizing mooring lines (4), increased colli- 
sion potential due to three-dimensional tur- 
bine movement (5), and benthic habitat deg- 
radation from turbine infrastructure such as 
anchors and buried interarray cables (6). 
Despite potential impacts, countries are 
rapidly moving toward full commercial 
installations. The United States is advanc- 
ing toward a lease sale for two areas in 
central and northern California and pro- 
posing floating wind turbines as a primary 
technology for the Gulf of Mexico (7). 
Floating wind turbines are also planned 
for the Gulf of Maine (8) and likely for New 
York (9). European and Asian countries 
have similar expansions planned (2). 
Countries need robust plans to prevent, 
monitor, and mitigate the environmental 
impacts of floating wind turbines. We urge 
energy authorities and lawmakers to treat 
each installation as an experiment to gather 
information about the costs and benefits 
of this fledgling technology (10). Like any 
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experiment, a comprehensive monitoring 
scheme is required to collect data, ideally for 
several years before turbines are first placed 
and then through the construction, lifetime 
operations, and decommissioning of the 
turbines (17). A robust monitoring plan with 
funding secured across all phases will help 
distinguish effects of floating wind develop- 
ment from other factors, such as climate 
change. Although it is tempting to focus only 
on the positives of clean energy, it is crucial 
to think preemptively about the longer-term 
impacts of floating wind turbines and use 
adaptive management practices to mini- 
mize impacts accordingly if necessary (12). 
Prevention rather than cure will be essential 
for the long-term sustainable success of this 
exciting, yet unknown, new sector. 
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Green energy threatens 
Chile’s Magallanes Region 


On 2 December 2021, Chile’s minister of 
energy and mining announced the country’s 
largest green hydrogen project, to be devel- 
oped in Chile’s southernmost Magallanes 
Region (7-3). The project is intended to 
help achieve Chile’s stated goal of generat- 
ing 25 GW of green hydrogen by 2030 (J, 
4). However, enthusiasm for clean energy 
projects obscures their environmental and 
cultural impacts. 

Despite the potential benefits, the large 
scale of this green hydrogen megaproject, 
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particularly its wind farms, could have 
an outsized effect on both ecological pro- 
cesses and the surrounding landscape. San 
Gregorio and Tierra del Fuego form part of 
important migration routes of threatened 
birds such as the ruddy-headed goose, the 
red knot, and the Magellanic plover (5), 
which fly across Patagonia on their way 
to their austral summer areas. Replacing 
sheep ranching with wind generation plants 
also entails a profound cultural change, 
comparable to the changes brought about 
by the arrival of European immigrants 
and inhabitants of the Chiloé archipelago 
and the subsequent development of sheep 
ranching in Magallanes at the end of the 
19th century, which reconfigured social 
relations and land use in the region (6, 7). 
Preliminary estimates based on a pilot 
project in Punta Arenas (3) suggest that 
the megaproject could reach about 2900 
installed wind turbines by 2027, occupy- 
ing an area of at least 150,000 hectares. 
This would represent a 320% increase in 
Chile’s wind energy generation capacity and 
would represent 1.35% of the wind energy 
installed in the world [relative to 2021 data 
(8)]. Recent studies in central Chile show 
a rate of 0.6 to 1.8 bird collisions per wind 
turbine per year (3). Scaling this to the mag- 
nitude of the planned Magallanes project 
could lead to between 1740 and 5220 bird 
collisions per year. However, this estimate 
does not consider that the Magallanes 
Region is a migration area for about 43 
species of birds, including Passeriformes, 
Charadriiformes, and Strigiformes (5, 9), 
which would likely increase these numbers. 
Environmental impact assessments of 
these projects must take into consideration 
the high natural value of this landscape, 
with protected areas such as Torres del 
Paine National Park, Pali Aike National 
Park, and Bahia Lomas Ramsar site and 
Nature Sanctuary (JO). Failing to do so 
could turn the development of clean 
energy megaprojects into another example 
of extractivist development (71), which 
would export a product (green hydrogen) 
to Europe and Asia while generating 
potentially irreversible changes to the local 
environment and culture. 
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Brazilian pesticides law 
could poison the world 


Brazil’s National Congress will soon vote 
on a controversial bill (PL 6299/2002) that 
relaxes the current legislation on pesticides 
(1). Arguing that the registration of new 
products takes too long, this bill proposes 
changes to the evaluation and authoriza- 
tion process, excluding the health and 
environment federal agencies from the 
decision. In addition, previously banned 
substances could then be reevaluated 
under these new rules. This bill fits Brazil’s 
recent trend of undermining environmen- 
tal law (2) by prioritizing the productive 
sector to the detriment of environmental 
integrity (3, 4). 

In 2021, the government authorized the 
use of 562 new agrochemicals in Brazil (5), 
many of them imported from Europe and 
North America (6). Several of those new 
pesticides are banned in these countries 
(6, 7), but their manufacturers continue 
exporting them to places with permissive 
legislation like Brazil. The indiscriminate 
use of pesticides without proper evaluation 
is a matter of public health. In the past 10 


years, intoxication and deaths related to 
pesticide poisoning increased by 94% in 
Brazil (8), and those pesticides persist in 
the environment (9). 

Because Brazil is a leader in exporting 
its crops, such as soy that supplies global 
animal feed (JO), the likely approval of 
this bill should be a global concern. More 
pesticides are not necessary to feed the 
world (JJ). There are well-known solutions 
to enhance productivity (72) that do not 
require the intense use of pesticides, such 
as agroecology (11). An alternative bill (PL 
6670/2016) could move Brazil in a better 
direction by initiating a national program 
to reduce pesticides, but this proposal has 
been given low priority and is unlikely to 
become law under the current administra- 
tion. Strengthening environmental agen- 
cies and investing in science and technol- 
ogy is the way to achieve the sustainable 
development of agribusiness. 
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Cell division facilitates cell invasion 


ell migration through compact tissues within multicellular organisms is essential for normal 
embryonic development, immune response, and cancer metastasis. Frequently, migrating 
cells find a path of least resistance; however, relatively little is known about invasion into cell- 
dense tissues with no preexisting paths. Studying fruit flies, Akhmanova et al. discovered that 
embryonic macrophages can penetrate into tissues when at least one surrounding tissue cell 
divides at the site of invasion. Live imaging and genetic and optogenetic manipulations revealed 
that macrophage invasion requires the release of intercellular adhesions, which occurs during divi- 
sion. —BAP Science, abj0425, this issue p. 394 


Artist's depiction of a macrophage penetrating 


a tissue layer at a site of cell division 


ELECTROOPTICS 
Breaking down 
the domain walls 


Ferroelectric materials should 
make for decent optical com- 
ponents because of the change 
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in refractive index with electric 
field. However, many of the best 
ferroelectrics have domain walls 
that scatter light and are not 
useful for optics applications. 
Liu et al. used a high-tempera- 
ture poling method to remove 
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the light-scattering domain 
walls in a lead ceramic ferro- 
electric. The material has a very 
high electro-optic coefficient 
and requires a very low driving 
voltage. This strategy may be 
useful for other materials and 


may help in the development of 
better optical devices. —BG 
Science, abn7711, this issue p. 371 


PROTEIN DESIGN 
Steps toward 
ananomachine 


Protein rotary machines such as 
ATP synthase contain axle-like 
and ring-like components and 
couple biochemical energy to 
the mechanical work of rotating 
the components relative to 
each other. Courbet et al. have 
taken a step toward designing 
such axle-rotor nanomachines. 
A structural requirement is that 
interactions between the com- 
ponents must be strong enough 
to allow assembly but still allow 
different rotational states to 
be populated. The authors 
met this design challenge and 
computationally designed ring- 
ike protein topologies (rotors) 
with a range of inner diameters 
that accommodate designed 
axle-like binding partners. The 
systems assemble and populate 
the different rotational states 
anticipated by the designs. 
These rotational energy 
landscapes provide one of two 
needed elements for a direc- 
tional motor. —VV 

Science, abm1183, this issue p.383 


ORGANIC CHEMISTRY 
Better C-C coupling 
through ligand swaps 


The development of cross-cou- 
pling catalysis for carbon-carbon 
bond formation revolutionized 
pharmaceutical synthesis. 
Nonetheless, one drawback of 
the original reactions is the need 
to activate one of the coupling 
partners ahead of time. Recently, 
chemists have focused on direct 
coupling of two halocarbons, 
which is efficient but poses a 
selectivity challenge. Hamby et 
al. report a nickel catalyst for 
alkyl-aryl coupling that relies on 
ligand exchanges in concert with 
electrochemistry to react with 
each partner consecutively and 
thereby avoid alkyl-alkyl, aryl-aryl, 
or isomerized by-products. —JSY 
Science, abo00339, this issue p. 410 
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QUANTUM SENSING 
Spatial sensing 
with hydrogen 


The coupling of coherent 
quantum systems to the sur- 
rounding environment can be 
used to create highly sensitive 
sensors, but many surface- 
based implementations, 
such as nitrogen vacancies in 
diamond, have limited spatial 
resolution. Wang et al. created 
a quantum sensor with high 
spatial sensitivity by using the 
electric field from a scanning 
tunneling microscope tip to 
confine a hydrogen molecule 
on copper nitride islands 
grown on a copper surface. 
Femtosecond-pulse terahertz 
spectroscopy was used to 
follow the coherence of the 
two-level system created by dif- 
ferent adsorption geometries. 
The temporal oscillations and 
decoherence in the superpo- 
sition state showed spatial 
variations at the sub-angstrom 
scale. —PDS 

Science, abn9220, this issue p.401 


BIOMATERIALS 
Designing degradable 
dressings 


Synthetic scaffolds are an 
attractive option for dressings 
to treat skin wounds because 
they are shelf-stable, have 
tunable and defined chemical 
compositions, and are more 
affordable than naturally 
derived scaffolds or cell-based 
dermal substitutes. Patil et al. 
investigated the role of scaffold 
hydrophilicity in polythioketal- 
based polyurethane (PTK-UR) 
foam scaffold resorption and 
promotion of tissue regen- 
eration in wound healing. They 
discovered that hydrophilic 
scaffolds with seven ethyl- 
ene glycol units between the 
thioketal bonds in the polymer 
backbone exhibited optimal 
reactive oxygen species— 
dependent degradation and 
porcine skin wound healing, 
including ischemic flap exci- 
sional wounds. These results 
support further investigation 
of PTK-UR formulations as 
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alternatives to commercially 
available wound matrices. —CC 
Sci. Transl. Med. 14, eabm6586 
(2022). 


OPTOELECTRONICS 
Probing interlayer 


excitons 


Stacking of atomically thin 
layers of van der Waal materials 
gives rise to a wealth of exotic 
transport properties. Controlling 
the twist angle and stacking 
sequence can yield heterostruc- 
tures exhibiting magnetism, 
superconductivity, and the 
generation of interlayer excitons 
(electron-hole pairs across the 
layers). Barré et al. developed 
an electromodulation spectro- 
scopic technique with which 
the detailed band structure 
can be determined, providing a 
key to understanding how the 
exotic optoelectronic transport 
properties develop in these het- 
erostructure materials. —ISO 
Science, abm8511, this issue p. 406 


IMAGING TECHNOLOGY 
Portable MRI 
for ischemic stroke 


Magnetic resonance imaging 
(MRI) offers unparalleled soft 
tissue contrast for diagnostic 
imaging, but the instrumentation 
is bulky and cannot be trans- 
ported. Portable MRI systems 
could be lower cost and useful 
in trauma settings or at the 
bedside, especially in situations 
where time is of the essence. 
Portability, however, comes at 
the cost of lower magnetic field 
strengths, motion artifacts, 
and associated performance 
loss. Successful deployment 
of point-of-care MRI in such 
environments represents a 
formidable engineering chal- 
lenge. Yuen et al. demonstrate 
the feasibility of this technology 
with sufficient image quality and 
contrast for brain imaging (see 
the Focus by Basser), providing 
evidence for the usefulness of 
this technology in the context of 
assessing ischemic stroke. —LSB 
Sci. Adv. 10.1126/sciadv.abm3952, 
10.1126/sciadv.abp9307 (2022). 
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Edited by Caroline Ash 
and Jesse Smith 


MATERIALS SCIENCE 
Scorpion-inspired strain sensors 


ost strain sensors are designed to be highly sensitive to 
movement in one direction by using long uniaxial sen- 
sor elements while being insensitive to motion in other 
directions. To compensate for their poor vision, scorpi- 
ons have developed powerful vibration-sensing organs 
called sensillum on their walking legs. Liu et al. drew on these as 
inspiration for designing flexible, highly sensitive omnidirectional 
strain sensors. A film with cut, curved grooves was placed ona 
poly(dimethylsiloxane) layer and coated with silver nanoparticles 
so that the grooves formed around a central ring. This ensures 
that the stress concentration is not at the focus of the grooves 
and that some of the segments will deform maximally to gener- 
ate omnidirectional strain sensing. —MSL 
Aav. Mat. 10.1002/adma.202200823 (2022). 


Scorpions, like the forest scorpion (Heterometrus petersii) pictured, 
have flexible strain-sensors that have inspired human-engineered versions. 


STRUCTURAL BIOLOGY that binding of oxytocin disrupts 


The molecular the TM7 helix in the receptor, 
5 and this effect is required for 
effects of oxytocin full activation. The authors also 


Oxytocin is a signaling peptide 
that binds to a G protein— 
coupled receptor to regulate 
diverse physiological processes 
in humans. Oxytocin is per- 
haps best known for its roles in 
causing uterine contractions 
during labor, initiating nurtur- 
ing maternal behavior, and 
affecting the mother’s ability to 
nurse. Meyerowitz et al. report a 
structural analysis of the native 
state of the oxytocin receptor 
bound to oxytocin and a model G 
protein. The structure, together 
with functional assays, shows 


identified a cation-coordinating 
residue that makes activation of 
the oxytocin receptor dependent 
on magnesium. —VV 

Nat. Struct. Mol. Biol. 29,274 (2022). 


CELESTIAL MECHANICS 
How did Ceres get there? 


The dwarf planet Ceres is the 
largest object in the asteroid 
main belt. It has an ice-rich 
composition, which suggests 
that it originally formed in the 
outer Solar System. Ribeiro de 
Sousa et al. performed orbital 
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MIGRATION 
Father knows best 
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any birds migrate long distances between breeding and 
wintering grounds. Although we know that in many cases 
naive birds follow more experienced birds, we still know 


little about the details of which one is doing the leading. 

Byholm et al. monitored migration in Caspian terns using 
GPS trackers and found that family groups generally migrated 
together, with a single parent leading the way. Both male and 


female parents led the group, but fathers were more likely to be 
guides. Individuals that lost their guides tended to fall victim to 
birds of prey. The authors did report that some fathers would 
act as guides for unrelated juveniles. When migrating solo for 
the first time, subadult terns followed the same route they took 
with their parents, indicating cultural inheritance of migration 
knowledge. —SNV_ Nat. Commun. 13, 1566 (2022). 


Caspian tern (Hydroprogne caspia) juveniles rely on parental guidance, chiefly from their fathers, to ensure safe migration. 


dynamics simulations to test 
this scenario. They found that 
migration of the giant planets 
in the early Solar System could 
scatter numerous planetesimals 
into the main belt. Most were 
then ejected by interactions 
with Jupiter, with only a small 
fraction evolving onto stable 
orbits. To explain one Ceres- 
sized object surviving in the 
main belt, there must have origi- 
nally been several thousand in 
the outer Solar System. This is 
consistent with estimates based 
on the formation of Uranus and 
Neptune. —KTS 

Icarus 379, 114933 (2022). 


Ladders in the mirror 
Ammonia-oxidizing bacteria 
produce a fascinating class of 
lipids that have multiple edge- 
sharing four-carbon rings in 
their tails. These molecules have 


366 


been called ladderanes because 
when they are drawn flat, the 
shared edges look like the rungs 
of a ladder. However, in three- 
dimensions, the geometry is 
more reminiscent of a stairway. 
Ray et al. report a synthesis of 
ladderanol, an alcohol-capped 
component of these lipids that 
selects between the two product 
mirror images (natural and 
unnatural) at a late stage. They 
achieved the requisite selectiv- 
ity using a hydrogen-bonding 
squaramide catalyst to guide a 
nitroalky! Michael addition. —JSY 
Angew. Chem. Int. Ed. 10.1002/ 
anie.202201584 (2022). 


Steely response to cancer 
Ferroptosis is a form of 
programmed cell death that 
requires iron and the accumula- 
tion of lipid peroxides. Cancer 
cells undergo ferroptosis in 
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response to immunotherapy, 
but how this process is 
regulated is not clear. Liao et al. 
explored whether factors within 
the tumor microenvironment 
were involved in tumor ferropto- 
sis. They studied specific lipids 
and lipid metabolic enzymes 
that influence antitumor immu- 
nity and found that arachidonic 
acid synergized with T lympho- 
cyte—derived interferon-y to 
produce pro-ferroptotic effects. 
A combination of PD-L1 immu- 
notherapy and arachidonic acid 
supplementation was tested as 
a preclinical treatment strategy 
to sensitize tumors toward 
ferroptosis and reduce tumor 
growth in mice. —PNK 


Cancer Cell 40, 365 (2022). 


Tuning layers of the brain 
The cortex of the adult mam- 
malian brain is made up of six 


layers of neurons, but not all 
regions of the brain show layers 
of similar depth and complex- 
ity. Layer 4, which receives 
sensory information from the 
thalamus, is thicker in the 
sensory cortex than it is in the 
motor cortex of the brain. Sato 
et al. examined communication 
between thalamocortical axons 
and the developing cortex in 
mice. Postnatal ablation of 
thalamocortical axons showed 
how dependent the normal 
development of layer 4 is on 
these neuronal connections. 
Without thalamocortical axon 
connections, layer 4 in the 
somatosensory cortex had 
fewer neurons than it normally 
would. Even minute alterations 
in the laminar architecture of 
the brain's cortex can have 
consequences for cognitive, 
mental, or psychiatric disor- 
ders. —PJH 


eLife 11, e67549 (2022). 
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GENETICS 
Can repetitive 
DNA cause disease? 


Repetitive DNA sequences litter 
the human genome. Although 
they are mostly silent, some can 
“jump” around, duplicating and 
inserting themselves through- 
out genomic DNA, which can 
potentially disrupt nearby genes, 
modulate transcription, or elicit 
immune responses. This inser- 
tional mutagenesis is especially 
prominent in cancer and has 
also been described in devel- 
opmental, degenerative, and 
autoimmune diseases. However, 
it is unclear whether this process 
contributes to pathogenesis 
or if it arises as a consequence 
of other genetic and epigen- 
etic changes. In a Perspective, 
Burns considers the evidence 
and discusses mechanisms 
for insertional mutagenesis 
in pathogenesis and whether 
repetitive DNA is a widespread 
cause of disease. —GKA 

Science, ab!7399, this issue p.353_ 


TRAFFIC SAFETY 
When behavioral 
nudges fail 


Do traffic safety interventions 
work? Hall and Madsen present 
evidence from a study in Texas 
showing that the number of 
crashes actually increases by 
a few percentage points when 
motorists are confronted with 
displays indicating the number 
of road fatalities in the area (see 
the Perspective by Ullman and 
Chrysler). The authors sug- 
gest that this counterintuitive 
finding results from a cogni- 
tive overload experienced by 
drivers when confronted with 
multiple notices and instruc- 
tions on complex stretches of 
road, leading to distraction. 
They conclude that traffic safety 
“nudges” need to be carefully 
designed and positioned to 
avoid backfiring. —AMS 

Science, abm3427, this issue p. 370; 

see also abql757, p. 347 
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CELL BIOLOGY 
Membrane repair 
in target cell defenses 


Killer T cells destroy virus- 
infected and cancer cells by 
secreting two protein toxins 
that act as a powerful one-two 
punch. Pore-forming toxins, 
perforins, form holes in the 
plasma membrane of the target 
cell. Cytotoxic proteins released 
by T cells then pass through 
these portals, inducing target 
cell death. Ritter et al. com- 
bined high-resolution imaging 
data with functional analysis 
to demonstrate that tumor- 
derived cells fight back (see the 
Perspective by Andrews). Protein 
complexes of the ESCRT family 
were able to repair perforin holes 
in target cells, thereby delaying 
or preventing T cell-induced 
killing. ESCRT-mediated mem- 
brane repair may thus provide 
amechanism of resistance to 
immune attack. —SMH 

Science, abl3855, this issue p.377; 

see also abp8641, p.346 


CATALYSIS 
Sourcing hydrogen with 
ceramic reactors 


An alternative to directly trans- 
porting hydrogen produced 

at large scales through steam 
reforming for applications such 
as vehicular fueling is smaller- 
scale, on-site production from 
methane or carriers such as 
ammonia. The hydrogen pro- 
duced must be separated from 
co-produced carbon dioxide or 
nitrogen. Proton ceramic electro- 
chemical reactors can extract 
pure hydrogen from gas mix- 
tures by electrolytically pumping 
protons across the membrane 
at 800°C, but as the extraction 
proceeds, temperature gradi- 
ents and entropic effects lead 

to efficiency drops. Clark et al. 
developed a nickel-based glass- 
ceramic composite interconnect 
that allowed for the design of a 
more complex reactor pathway 
(see the Perspective by Shih 


and Haile). Counterflowing 
streams balanced heat flows 
and maintained stable operating 
conditions that enabled 99% 
efficiency of hydrogen recovery. 
—PDS 

Science, abj3951, this issue p. 390; 

see also abo5369, p.348 


SUPERCONDUCTIVITY 
Double horn points 
to an exotic state 


The so-called Fulde-Ferrell- 
Larkin-Ovchinnikov (FFLO) 
state, a particular kind of super- 
conducting order in which the 
order parameter oscillates in 
space, has fascinated physicists 
because it is tricky to stabi- 
lize. Kinjo et al. used nuclear 
magnetic resonance (NMR) 
measurements to observe a 
signature of the FFLO state in 
the material strontium ruthe- 
nate (see the Perspective by 
Pavarini). The modulation in the 
superconducting order param- 
eter caused a corresponding 
modulation of spin density, 
which resulted in a peculiar, 
double horn-shaped structure 
of NMR intensity for a certain 
range of temperatures and 
applied magnetic field. —JS 
Science, abb0332, this issue p. 397; 
see also abn3794, p.350 


METAMATERIALS 
Actively structuring light 


The development of meta- 
surfaces has provided a route 
to replacing bulk optical 
components with thin layers 

of engineered materials. Ina 
Review, Dorrah and Capasso 
highlight some of the recent 
advances in wavefront shaping 
using multifunctional meta- 
optics. They focus on the ability 
to tune the response of the 
metasurface by simply tuning 
one or more degrees of freedom 
of incident light, for example, 

by varying its angle of inci- 
dence, polarization, wavelength, 
or phase. The key feature of 
these metasurfaces is that 
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although they are static, they 
can produce a tunable response 
without the need for complex 
switching. These develop- 
ments enable multifunctional 
and lightweight components 
for technologies such as 
augmented and virtual reality 
displays, drone-based sensing, 
and endoscopy. —!ISO 

Science, abi6860, this issue p. 367 


CANCER GENOMICS 
Asignature 
accomplishment 


Tumor development is associ- 
ated with the accumulation 
of mutations in the genome. 
Depending on the causes of a 
given cancer, such as environ- 
mental exposures or DNA repair 
abnormalities, these mutations 
can form a specific pattern 
called a mutational signature. 
Many mutational signatures 
have already been reported 
in cancer, but by performing 
whole-genome sequencing on 
a particularly large collection of 
cancer samples, Degasperi et 
al. not only confirmed previ- 
ously reported signatures, but 
also discovered many rarer 
ones (see the Perspective by 
Sztts). The authors character- 
ized these signatures, tried to 
elucidate the underlying biology 
where possible, and then pro- 
vided an algorithm for applying 
these findings to individual 
patients to help personalize 
cancer treatments. —YN 

Science, abl9283, this issue p. 368, 

see also abo7425, p.351 


CORONAVIRUS 


Acting against Omicron 
The rapid spread of the Omicron 
variant of the severe acute 
respiratory syndrome coro- 
navirus 2 (SARS-CoV-2) virus 
was partly due to its ability to 
evade antibodies elicited against 
the viral spike protein of early 
variants. Zhou et al. identified 
antibodies that maintained their 
ability to neutralize the Omicron 
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variant and used functional and 
structural studies to determine 
how these antibodies recog- 

nize the Omicron spike protein. 
Their studies identify antibody 
combinations with therapeutic 
potential and could inform the 
development of vaccines. —VV 

Science, abm8897, this issue p. 369 


CANCER THERAPY 
Sensitizing AML 
to kinase inhibitors 


Although some acute myeloid 
leukemia (AML) cells have 
mutations that activate the MEK 
kinase pathway, MEK inhibi- 
tors are generally ineffective 
in treating this cancer. Using 
AML cells from patients and cell 
lines, Pedicona et al. correlated 
kinase network activity and 
epigenetic markers (see the 
Focus by Narayan and Huntly). 
Inhibiting the epigenetic 
modifying enzyme LSD1 rewired 
kinase activity in AML cells and 
sensitized them to subsequent 
MEK inhibitor treatment. Thus, 
activated MEK signaling might 
be a source of resistance to 
LSD1 inhibitors currently being 
tested in AML patients. —LKF 
Sci. Signal. 15, eabl7989, 
eabo0059 (2022). 


FISHERIES 
Pressure from both sides 


It is now well established that 
human activities impose selec- 
tion that leads to evolutionary 
change in wild species. Some 
of the best examples of this 
process are from harvested 
species, especially fishes, and 
we know that large-scale fishing 
has led to effects such as early 
maturation and changes in adult 
size. Czorlich et al. looked at 
native populations of Atlantic 
salmon and found that even 
indigenous fishing pressure 
has led to evolutionary change 
in these populations (see the 
Perspective by Therkildsen and 
Pinsky). They also identified 
an additional indirect source 
of selection: harvest of salmon 
prey species at sea. —SNV 
Science, abg5980, this issue p. 420: 
see also abo6512, p. 344 


SKIN INFLAMMATION 
Gene interface tool 
to identify your rash 


Many chronic skin conditions 
are caused by imbalances in the 
immune milieu of the environ- 
ment, yet many of these changes 
remain undercharacterized. Liu 
et al. used single-cell profiling of 
immune cells from skin samples 
of atopic dermatitis, psoriasis 
vulgaris, and healthy controls to 
profile the immune signatures 
of the different diseases. They 
found that atopic dermatitis 
and psoriasis vulgaris samples 
had distinct resident memory 
T cell, innate lymphoid cell, and 
CD8* T cell gene signatures that 
could be validated in an external 
dataset. Using these signatures, 
they created a tool that could 
classify previously clinicopatho- 
logically indeterminate rash 
samples. This tool is now avail- 
able as a web resource (RashXxX) 
for anyone to use to help further 
classify skin rashes. —DAE 

Sci. Immunol. 7, eabl9165 (2022). 


MICROBIOLOGY 
Fungal pathogen 
circumvents cellulose 


Plant cell walls impede coloniza- 
tion by fungal pathogens, and 
crystalline cellulose has long been 
regarded as the strongest compo- 
nent of these walls. Studying the 
plant pathogen Fusarium oxyspo- 
rum, Gamez-Arjona et al. found 
that deletion of an evolutionarily 
conserved master regulator of 
cellulose-degrading enzymes 
does not result in compromised 
virulence during early infection. 
Instead, virulence is enhanced 
by compensatory induction 
of other virulence factors and 
subversion of plant immune 
responses. However, the patho- 
gen is compromised during later 
stages of growth and reproduc- 
tion because of its inability 
to metabolize cellulose as a 
carbon source. These findings 
prompt a different perspective 
on the importance of cellulose- 
degrading enzymes for fungal 
colonization of plants. —JM 
Sci. Adv. 10.1126/ 
sciadv.abl9734 (2022). 
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SOLAR CELLS 
Organometallics 
stabilizing perovskites 


Perovskite solar cells with 
inverted (p-i-n) structure can 
have greater stability and 
lifetimes than conventional n-i-p 
structures but usually have 
somewhat lower power conver- 
sion efficiencies (PCEs). Li et al. 
report that an organometallic 
compound, ferrocenyl-bis-thio- 
phene-2-carboxylate, could 
stabilize a multication perovskite 
layer of an inverted perovskite 
solar cell. After 1500 hours of 
maximum power point opera- 
tion, 98% of the 25.0% PCE was 
maintained. The solar cell also 
exhibited high stability in damp 
heat tests. —PDS 

Science, abm8566, this issue p. 416 
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REVIEW SUMMARY 


METAMATERIALS 


Tunable structured light with flat optics 


Ahmed H. Dorrah* and Federico Capasso* 


BACKGROUND: Structuring the degrees of free- 
dom of light—including its phase, amplitude, 
and polarization—has opened new frontiers in 
science and technology alike. Adaptive cameras, 
microscopes, portable and wearable devices, 
optical communications, and laser machining 
are only a few of the domains that have evolved 
over the past decade owing to the advances in 
wavefront-shaping platforms. Flat optics com- 
posed of subwavelength-spaced optical scatterers— 
also known as metasurfaces or meta-optics— 
are key enabling tools for structured light not 
only for their compact footprint and comple- 
mentary metal-oxide semiconductor (CMOS) 
compatibility but also because of their versa- 
tility and custom design. Although flat optics, 
or at least in its first generation, has led to the 
development of effects like anomalous refrac- 
tion and diffraction-limited focusing, new classes 
of metasurfaces can now mold the flow of light in 
much more complex ways. Dispersion engineer- 
ing and polarization optics are two prominent 
areas in which the metasurface’s ability to spa- 
tially manipulate each wavelength and/or polar- 


Outgoing 
light 


ization state, independently, cannot be paralleled 
using bulk optical components. At the heart 
of these developments is a carefully engineered 
light-matter interaction at the level of the meta- 
atom, which allows a passive metasurface to 
produce this complex response. 


ADVANCES: The ability to manipulate light in 
different ways, depending on its properties, is 
intriguing because it allows a passive device 
to produce many functions without the need 
for active switching—that is, light itself can be 
used as an optical control knob. For example, 
the same flat optic may behave as a lens or a 
mirror depending on the incidence angle of 
light. Likewise, by changing light’s polariza- 
tion, a metasurface can switch between differ- 
ent holograms or modify its focal length. In 
this spirit, a new generation of meta-optics 
can now perform parallel processing of the 
polarization of input light in the transverse 
plane or in 3D, reducing the function of many 
polarizers and waveplates into a single op- 
tical component that can be integrated in 


Metasurface 


Incoming 
light 


Tunable structured light with static meta-optics. Different properties of input light may act as control knobs 
for tuning the optical response of the metasurface. These degrees of freedom include the angle of incidence (A), 
polarization state (B), orbital angular momentum (or spatial structure in general) (C), wavelength (D), and 
intensity level (manifested in a nonlinear interaction) (E). By changing one or more of these properties at the input 
of the metasurface, one can obtain a different light pattern at the output (depicted by the different puzzle 
pieces of Harvard University's logo). This tunability relies on an intricate light-matter interaction at the level of the 
meta-atom, which often cannot be replicated by other conventional wavefront shaping platforms. 
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polarimeters and cellphone cameras. The spa- 
tial phase distribution of incoming light is 
another degree of freedom that can also be 
used as a switch, allowing a static flat optic to 
project different holograms by varying the 
helicity of the incident wavefront or its phase 
profile in general. Moreover, the ability to im- 
part different phase and/or amplitude profiles 
on different wavelengths, independently, has 
enabled a wide class of versatile metalenses 
and compact pulse-shaping tools. Harnessing 
the nonlinear interaction of light with meta- 
atoms has also enabled multiwavelength holog- 
raphy on high harmonic-generated signals in 
addition to an asymmetric response. This ver- 
satility has made flat optics an ideal platform 
for the generation of structured light and has 
inspired many applications. The figure depicts 
the use of a metasurface as a multipurpose 
device (akin to a Swiss knife) that can mix and 
match output light by tuning the five above- 
mentioned control knobs, without the need for 
any complex circuitry to drive the meta-atoms. 
Tunable behavior of this kind relies on an intri- 
cate light-matter interaction at the nanoscale, 
which is often difficult to replicate with other 
wavefront-shaping tools. With such tunability, 
many existing technologies can be dramatically 
miniaturized, enabling compact spectrometers, 
polarization-sensitive cameras, lightweight aug- 
mented reality and virtual reality headsets, and 
biomedical devices. 


OUTLOOK: As the area of structured light ma- 
tures, the quest for more sophisticated meta- 
surfaces is also on the rise, aided by advanced 
nanofabrication, powerful computation capabil- 
ities for revealing new meta-atom libraries, and 
recent developments in actively tunable mate- 
rials for time-varying control. Structured light 
with tunable metasurfaces is poised to reveal 
new functionalities and to replace conventional 
optical systems with on-chip photonic compo- 
nents. This includes integrating metasurfaces in 
laser cavities, Fabry-Perot resonators, fiber-based 
devices, and active wavefront-shaping tools. With 
the emerging trends in inverse design and topol- 
ogy optimization, new standardized protocols for 
large-scale multilayer metasurface fabrication 
and innovative material platforms will push 
the limits of multifunctional meta-optics and 
structured light from 2D to 3D and from static 
to animate, thus tackling the open challenges 
in this wide field of research and unlocking 
many new paths. = 
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METAMATERIALS 


Tunable structured light with flat optics 


Ahmed H. Dorrah* and Federico Capasso* 


Flat optics has emerged as a key player in the area of structured light and its applications, owing to its 
subwavelength resolution, ease of integration, and compact footprint. Although its first generation has 
revolutionized conventional lenses and enabled anomalous refraction, new classes of meta-optics can 
now shape light and dark features of an optical field with an unprecedented level of complexity and 
multifunctionality. Here, we review these efforts with a focus on metasurfaces that use different 
properties of input light—angle of incidence and direction, polarization, phase distribution, wavelength, 
and nonlinear behavior—as optical knobs for tuning the output response. We discuss ongoing advances 
in this area as well as future challenges and prospects. These recent developments indicate that 
optically tunable flat optics is poised to advance adaptive camera systems, microscopes, holograms, and 
portable and wearable devices and may suggest new possibilities in optical communications and sensing. 


arnessing the properties of light defines 

how we experience the world around us. 

High-resolution microscopes, long-range 

telescopes, fast cameras, and spectrom- 

eters are a few tools that have shaped 
our understanding of the Universe, from the 
atomic to the astrophysical scale. At the heart 
of these developments lies an optical compo- 
nent that controls the properties of light as 
it interacts with matter. Several efforts have 
been made to manipulate light using artifi- 
cial materials that do not naturally exist in 
bulk, inspired by nature’s ability to structure 
light through diffraction, interference, and 
scattering—as observed, for example, in the 
colorful wings of butterflies (7). Early attempts 
toward this goal (from the fourth century) have 
relied on doping glass with metallic nano- 
particles to modify its optical properties, 
producing intriguing structured coloration 
owing to the plasmonic resonance of the 
nanoparticles, as displayed in Roman artifacts 
and French cathedrals (2). Similarly, periodic 
multilayer stacks of alternating dielectrics in 
1D (3) or 2D or 3D—that is, photonic crystals 
(4-6)—exhibit extreme reflection properties 
that deviate from their constituent materials. 
Engineering the optical response of matter by 
structuring its geometry or material composi- 
tion provides new routes toward harnessing 
the properties of light in unconventional ways 
(7-9), similar to how semiconductor hetero- 
structures have revolutionized optoelectronics. 
Metamaterials have emerged as new plat- 
forms for controlling light by virtually realiz- 
ing anomalous values of effective permittivity 
and permeability (0, 71), altering the output 
electromagnetic response on demand (72, 73). 
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Platforms of this nature are composed of 
periodic unit cells, referred to as meta-atoms, 
which are typically made of metallic or di- 
electric scatterers that are tightly packed ina 
lattice-like arrangement with subwavelength 
separation (74). 

First introduced at microwave frequencies, 
the widespread use of metamaterials in optics 
was hampered by the challenges associated 
with their fabrication, a task that mandates 
3D printing at the nanoscale. To surmount 
this obstacle, metasurfaces (also known as 
planar or flat optics or meta-optics) have 
evolved as a promising wavefront-shaping 
candidate thanks to their monolithic integra- 
tion, compact design, and subwavelength con- 
trol (15-20). Their earlier demonstrations in 
the optical regime have relaxed basic laws of 
physics (27-24) and introduced innovative 
mechanisms for wavefront tilting (25, 26), 
holography (27-29), and diffraction-limited 
focusing (30, 31). Notably, metasurfaces have 
gained wide popularity not only for their com- 
pact form factor and complementary metal- 
oxide semiconductor (CMOS) compatibility 
but also because of their unprecedented control 
of polarization (32, 33) and dispersion engineer- 
ing (34). The former has enabled point-by-point 
polarization transformations at the nanoscale 
(35, 36), whereas the latter has allowed broad- 
band focusing and multiwavelength hologra- 
phy (37). These are nontrivial advances that, to 
date, cannot be replicated with conventional 
polarization optics or other wavefront-shaping 
tools. As this area of research matured, the com- 
plexity of metasurface design also progressed, 
enabling more sophisticated functions and a 
tunable output response. For instance, a wide 
class of active metasurfaces can produce time- 
varying behavior that can be precisely controlled 
with external stimuli, bringing new physics and 
applications (38-40). Notably, static metasurfaces, 
with the proper design, can also change their 


22 April 2022 


output response by tuning the properties of 
input light (47). Versatile devices of this kind 
can realize fast all-optical switching without 
the need for electronic circuitry to modulate 
the output response, thereby saving footprint, 
complexity, and cost. 

In this review, we take a closer look at these 
static devices, focusing on passive meta-optics 
that can tune their output behavior in response 
to changing one or more degrees of freedom of 
input light. Devices of this nature typically rely 
on an intricate light-matter interaction at the 
meta-atom level, which cannot be easily repli- 
cated by other platforms (like, for example, spa- 
tial light modulators). This tunability is often 
realized by different types of resonances (Mie 
scattering, Fano resonances, bound states in 
the continuum) (42) or shape birefringent meta- 
atoms (35, 36) and free-form topologies (43, 44), 
thus adding to the existing structured-light 
toolkit enabled by digital holography (45). We 
discuss possible technological consequences of 
these metasurface-based devices, their antici- 
pated challenges, and open areas for innova- 
tion. Besides structuring light, we also highlight 
new methods for structuring the dark (namely, 
phase singularities) with flat optics and hint to 
its applications. 


Angle-dependent and directional response 


Angle dependence is usually an undesired fea- 
ture in conventional lenses, holograms, and 
beam-steering applications because it mani- 
fests in the form of diffractive loss, distortion, 
or coma aberration. Independent control of 
each input wave vector can mitigate these 
effects and enable new functions. However, 
achieving this task is not straightforward 
because, on a macroscopic scale, metasurfaces 
(similar to Fresnel lenses) resemble diffraction 
gratings, which are angle sensitive, whereas on 
a microscopic level, the response of simple 
meta-atom geometries (like cylindrical nano- 
pillars) is typically maintained over a wide 
range of angles. Local and nonlocal meta- 
surfaces tackle this dilemma in conceptually 
different ways. The former acts on incident 
light, point by point, in real space (e.g., gra- 
dient metasurfaces), whereas the latter relies 
on neighbor-to-neighbor meta-atom interactions 
and often uses sharp resonances to collectively 
modify the output response in momentum space 
(akin to photonic crystal slabs) (46). Early exam- 
ples of local metasurfaces, with angle depen- 
dence, used U-shaped meta-atoms made of 
amorphous silicon supported on a reflective 
aluminum mirror with a thin spacer of silicon 
dioxide in between (47). In this configuration, 
the meta-atoms act as a multimode resonator, 
imparting different phase delays on a discrete 
set of incidence angles. An angle-multiplexed 
metasurface that generates two distinct holo- 
grams for 0° and 30° incident light (wavelength 
i = 915 nm) was thus demonstrated. Another 
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approach exploits the coupling between neigh- 
bor meta-atoms to create multifunctional de- 
vices that, depending on the excitation angle, 
may project a different hologram with phase 
(48) or complex-amplitude modulation in the 
visible range (49) and can act as a mirror ora 
half-wave plate in the near-infrared (NIR) range 
(50). Figure 1A shows a configuration that relies 
on mutual coupling between meta-atoms (com- 
prising metal-insulator-metal) to achieve an 
angle-dependent response (49), enabling differ- 


ent holograms to be generated in phase and 
amplitude by changing the angle of incidence 
(Fig. 1B). 

Additionally, dielectric metasurfaces that 
combine interleaved superpixels with the con- 
cept of detour phase have been used to expand 
the number of angle-dependent functions: for 
instance, generating four distinct holograms 
in response to four distinct angles of incidence 
(51). The coupling between meta-atoms is highly 
sensitive to the surrounding environment, sug- 


gesting unexplored mechanisms for sensing. For 
instance, a nonlocal germanium-based meta- 
surface has been used to realize highly sensitive 
and sharp resonances, with spectral position 
controlled by the incidence angle of mid-infrared 
(IR) light (Fig. 1C) (52). This angle-multiplexed 
approach delivers more than 200 resonances 
for angles between 13° and 60° with a spectral 
coverage between 1100 and 1800 cm and a 
spectral resolution below 5 cm“. Analyte mole- 
cules that match the angular position of the 


Nano! 


F 


Holographic image of 0, 


Light intensity (a.u.) 


Fig. 1. Angle-dependent and directional metasurfaces. (A) Coupled metal- 
insulator-metal meta-atom geometries in which the electric energy density 
distribution depends on the illumination angle, 6. Reproduced with permission 
from (49). (B) A metasurface composed of these unit cells can impart different 
functions for different 6, such as “nanoprinting” images (channels 1 and 2) 

and holographic images (channels 3 and 4) (top). Measured data for two independent 
complex-amplitude holograms (at 4 = 633 nm) for 6 = 0° and 30° (bottom). 
Reproduced with permission from (49). (©) Germanium-based dielectric 
metasurface with a high quality factor produces sharp resonances with distinct 
resonance frequency for each incidence angle over a broad range. Strong 
near-field coupling between the dielectric resonators and the molecular vibrations 
of a nearby analyte induces a pronounced attenuation of the resonance line 

shape that is associated with the vibrational absorption bands. This configuration is 
suited for surface-enhanced mid-IR molecular absorption spectroscopy. A simple 
implementation is depicted on the far right. a.u., arbitrary units; Al(k), normalized 
intensity as a function of the imaginary part of the complex refractive index. Images 
reproduced from (52). (D) Free-form amorphous silicon nanostructures patterned 
on top of a glass substrate exhibit an angle-dependent polarization response at 
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1550 nm (left). Here, the nanostructure’s height (H) = 1500 nm and center-to- 
center separation (U) = 600 nm. A SEM image of a fabricated sample is shown on 
the right. Scale bar is 1 um. Images reproduced from (44). (E) On the left, the 
arrows represent the angle-dependent birefringence axis visualized in polarization 
space. Different colors refer to different angles of incidence. By varying the angle, 
the device can be continuously tuned between linear and elliptical birefringence 
(right). Images reproduced from (44). S, Stokes components. (F) A directional 
metasurface can project one face of Roman god Janus while totally concealing the 
other, depending on the direction of input light. k, wave vector. Reproduced with 
permission from (63). (G) Janus metasurfaces can be implemented by making use 
of plasmonic helical meta-atoms with an asymmetric chiral response. Using 
focused ion beam milling with different doses of gallium, the depth of the spiral 
groove can be adiabatically increased along the red dashed arrows, as shown in the 
SEM images. Scale bars are 100 nm. Images reproduced from (62). (H) Direction- 
controlled polarization-encrypted data storage. Right-hand circularly polarized 
(RCP) light at 800 nm can generate a specific QR code in forward transmission, 
whereas linearly polarized (LP) light creates a distinct image in reverse. Scale bar 
is 10 um. Images reproduced from (62). 
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resonances incur strong modulation of the 
far-field response through surface-enhanced 
near-field effects. By detecting the angle- 
resolved reflectance signal from such meta- 
surfaces before and after coating with the 
analyte molecules, the full spectral content of 
the molecular absorption fingerprint can be 
retrieved. Another approach uses off-axis mul- 
tiplexed holograms to project distinct images 
on a discrete set of incidence angles (53). Note 
that obtaining a continuous angle-tunable 
function is a more daunting task because it 
mandates controlling the phase derivative with 
respect to the incident angle. Complex func- 
tions of this kind can be achieved using free- 
form metasurfaces. For example, Fig. 1D shows 
a topology-optimized polarization meta-optic 
that modifies its birefringence depending on 
the incidence angle (44). Light incident on this 
device would witness linear, circular, or ellipti- 
cal birefringence depending on its angle (Fig. 1F). 
Inverse-designed devices of this type use the 
nonlocal interaction between adjacent meta- 
atoms to directly operate on incident light in 
momentum space. Besides an angle-dependent 
response, nonlocal metasurfaces have enabled 
many other complex functions such as perform- 
ing mathematical operations (54, 55), all-optical 
analog image processing and edge detection 
(56, 57), and space compression (58, 59), as 
well as externally tuned laser cavities (60). The 
latter relies on supercell metasurfaces whose 
diffraction orders can be efficiently and inde- 
pendently controlled at extreme angles. 
Besides the angle of incidence, the direction 
of propagation (forward or backward) has been 
exploited for tuning the response of static meta- 
surfaces. Commonly referred to as Janus meta- 
surfaces, these directional devices exhibit 
different coloration (67) or asymmetric trans- 
mission (62, 63) by reversing the direction of 
illumination from the front to the back side. 
Figure 1F shows a schematic of a metasurface 
that projects one face of Roman god Janus 
while totally concealing the other depending 
on the direction of input light (63). This has 
been realized using meta-atoms made of cas- 
caded subwavelength anisotropic impedance 
sheets. By introducing a gradual rotational in 
each sheet, linearly polarized light will undergo 
asymmetric transmission. Similar behavior can 
be achieved with helical meta-atoms (Fig. 1G), 
which exhibit circular dichroism as large as 
0.72 with forward transmission, owing to spin- 
dependent mode coupling, while incurring 
giant linear dichroism up to 0.87 in reverse, 
with high selectivity for the azimuthal angle 
of linearly polarized light (62). Despite their 
3D chiral geometry, these meta-atoms are 
fabricated with single-step focused ion beam 
milling. By creating a metasurface with two 
meta-atom enantiomers of specific rotation 
angles, direction-controlled polarization-encrypted 
holography can be realized. For instance, Fig. 1H 
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shows a scenario in which a binary QR code 
image is displayed in the forward direction 
under right-hand circularly polarized light, 
whereas a distinct grayscale image is gener- 
ated in the backward direction under linear 
polarization. This scheme can be useful in 
data encryption, optical storage, and information 
processing. To this end, angle dependence and 
directionality can be combined to generate dis- 
tinct holograms in reflection and transmission 
simultaneously (64, 65). 


Polarization-switchable behavior 


Unlike conventional bulk polarizers and wave- 
plates, which are components that control 
light’s polarization globally, the metasurface 
counterparts enable point-by-point polariza- 
tion transformations at the nanoscale because 
of the shape-dependent birefringence of their 
meta-atoms. Consider, for instance, the rectan- 
gular nanofin shown in Fig. 2A. Light trans- 
mitted through this “nanoantenna’” will experience 
two independent phase delays along the major 
and minor axes, depending on the dimensions 
of the nanofin. Additionally, the nanofin’s an- 
gular orientation—that is, its birefringence axis— 
can be rotated, thereby offering a third de- 
gree of freedom that typically manifests as a 
Pancharatnam-Berry phase (66). Replicating 
this scheme with other wavefront-shaping 
methods such as spatial light modulators 
(which only operate on one polarization at a 
time) is challenging because it requires multi- 
ple interactions with incident light or cascad- 
ing two or more devices (36, 67). Metasurfaces 
thus stand out as a powerful tool for polar- 
ization control and vector-beam generation 
(35, 36). Earlier attempts, besides polarization 
gratings (68, 69), have relied on subwavelength 
Pancharatnam-Berry microstripe gratings at a 
wavelength of 10.6 um for wavefront tilting 
(26) and vector-beam generation (70) and have 
exploited plasmonic metasurfaces for manip- 
ulating light’s chirality (77, 72). In parallel with 
these efforts, exotic classes of structured light 
have been created through spin-orbit coupling 
(73). Liquid crystal q-plates are one popular 
manifestation of the latter in which conjugate 
pairs of vortex beams—donut-shaped structured 
light with helical phase profiles, on-axis singu- 
larity, and orbital angular momentum (OAM) 
(74)—are generated while reversing the chi- 
rality of incident circularly polarized light (75). 
Another approach based on shared aperture 
antenna arrays and asymmetric harmonic re- 
sonances from metal-insulator-metal meta- 
atoms has enabled spin-controlled structured 
light (76). Reflective-type plasmonic nanoanten- 
nae have also been used to generate polarization- 
dependent dual images over a broad band in 
the visible range (77). In addition, dielectric 
metasurfaces made of elliptically shaped meta- 
atoms have been used to construct independent 
pairs of vectorial modes (radially and azimuth- 
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ally polarized light) in response to input # and 
y linearly polarized light in the visible range 
(32, 78) and have enabled spatial-mode multi- 
plexing at the telecom (1550 nm) wavelength, 
using linear polarization as a switch (79, 80). 
More generally, other states of polarization 
such as circular and elliptical have been used 
to switch between two independent phase 
holograms (33) or two different vortex beams 
of arbitrary topological charge (helicity), en- 
abling arbitrary spin-orbit coupling (87); the 
latter device is known as a J-plate. There are 
now numerous examples of polarization con- 
trol with metasurfaces, from polarization con- 
verters to polarization-dependent holograms, 
varifocal lenses, nanoprinting, and vortex- 
beam generators, which are comprehensively 
reviewed in (35, 36). 

We highlight more recent meta-optics with 
complex polarization-switchable behavior; one 
example of this is a metasurface that generates 
a far-field profile that performs parallel po- 
larization analysis of incident light (Fig. 2B) 
(82). The intensity of each polarization state 
(denoted by the green arrows) obeys Malus’s 
law, that is, the intensity is proportional to the 
projection (dot product) of the incident polar- 
ization onto that particular state. Hence, this 
class of metasurfaces, dubbed Jones matrix 
holograms, enables visual full-Stokes polar- 
imetry of input light by pictorially reading the 
projected pattern. Figure 2C shows another 
metasurface that makes use of superpixels com- 
posed of four rectangular nanofins to project 
two complex-amplitude holograms in response 
to any input pair of orthogonal polarizations 
(83, 84). Although this multifunctional behav- 
ior is limited to two orthogonal polarization 
channels, chirality-assisted phase modulation 
deploys cascaded metasurface layers to de- 
couple all four components of the Jones matrix 
that describe each meta-atom (85). Using this 
approach, four distinct wavefronts are encoded 
on the input-output polarization channels L-L, 
L-R, R-L, and R-R (L-R denotes left- and right- 
handed circular polarization at the input and 
output of the device, respectively). Figure 2D 
shows a metadeflector that uses this concept, 
steering an input wavefront to four different 
directions by decoupling all input-output co- 
polarized and cross-polarized channels (85). 
Similarly, by sandwiching a birefringent meta- 
surface between two polarizers, seven differ- 
ent images have been encrypted on different 
input-output polarization channels at an 800-nm 
wavelength (86). Multichannel holography has 
also been enhanced by including wavelength as 
an additional degree of freedom (87). Notably, 
parallel polarization processing and analysis may 
devise new techniques for polarization charac- 
terization. For instance, full Stokes polarimetry 
[which requires at least four intensity measure- 
ments of input light onto four different analyzers 
(88)] can be replaced with a single metasurface 
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Fig. 2. Metasurface with polarization-dependent response. (A) A birefringent 
metasurface composed of dielectric nanofins. SEM image of a small section is 
shown. Scale bar is 500 nm. Images reproduced from (82). (B) Polarization- 
analyzing hologram. Under coherent illumination jin, light will be projected into 
specific far-field pixels depending on the input polarization. Each drawing on the 
screen acts as an “analyzer” that will exhibit an intensity level for its shown 
polarization state (depicted by the green arrows) in accordance with Malus's law. 
J, spatially varying Jones matrix. Images reproduced from (82). (C) Polarization- 


dependent complex-amplitude holograms. Far-field 
triangle” (top) and “Mobius strip” (bottom) are gen 


images of a “Penrose 
erated (at 2 = 530 nm) in 


response to x- and y-polarized input light, respectively. Scale bars are 200 um. 
LP, linear polarization. Images reproduced from (83). (D) Chirality-assisted 


metadeflector can steer the input beam into differen 
output polarization channels of circularly polarized 


t directions under four input- 
ight: L-L, L-R, R-L, and R-R 


(from top to bottom). Here, L-L denotes input LCP-output LCP light. The device 


consists of five metallic layers and four dielectric substrates. Simulated and 
measured normalized far-field patterns are shown at 10 GHz. LHCP, left-handed 
circular polarization; RHCP, right-handed circular polarization. Images repro- 


duced from (85). (E) Matrix gratings can analyze fo 


r many polarization states in 


parallel at the far field. Incident light will distribute its energy onto the four orders 
subject to Malus’s law. Integrating this meta-optic with a conventional CMOS 


sensor enables real-time polarization imaging with no moving parts. Images 


(Fig. 2E) (89). This metagrating projects input 
light onto four diffraction orders, each ana- 
lyzing for a different polarization in the far 
field. The underlying principle relies on matrix 
Fourier optics, which recasts plane-wave decom- 
position in a two-by-two matrix form, allowing 
each plane-wave term in the sum to be weighted 
by a Jones matrix (as opposed to a complex 
scalar) coefficient (89). This formalism general- 
izes a wide body of work that seeks to generate 
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reproduced from (89). (F) Polarization imaging makes use of the measured 


S3 Stokes component. In each example, raw sensor acquisition, So (intensity 
image), and S3 are shown. Examples include 3D glasses with opposite circular 
polarizers and a laser-cut acrylic piece that is stressed by hand-squeezing, 
displaying stress birefringence in its S3 image. The black-to-white scale bar 
represents normalized intensity; the blue-to-red scale bar represents the value of 
of the chiral Stokes component. Images reproduced from (89). (G) Longitudinally 
variable polarization optics perform many polarization operations, simultane- 
ously, along the optical path. The black arrows depict the virtual principal axis 
orientation of the polarizing element at each z plane. Images reproduced from 
(99). F, target polarization transformation. (H) Longitudinal profiles of the 
generated “pencil-like” beam for each incident polarization that is depicted in 
the inset. The on-axis intensity distribution continuously shifts away from the 
source by rotating the input polarization from 0° to 90° Images reproduced from 
(99). (I) Polarization-switchable TAM plates enable arbitrary spin-orbit coupling 
in 3D, mapping any pair of orthogonal polarizations (|A*) and |A~)) into 

two propagation-dependent vortices with varying OAM state, ¢. Images reproduced 
from (100). (J) Optical micrographs of the devices. Images reproduced from 
(100). (K) Versatile TAM plates can control light’s polarization and OAM 
along the optical path. The arrows depict the evolution of output polarization 
under x-polarized (top) and y-polarized (bottom) illumination. Images 


reproduced from (100). 


vectorial structured light under the assumption 
of a fixed input polarization (90-95) by lifting 
that constraint. It also mitigates unwanted dif- 
fractive losses and limited functionality of inter- 
laced metagratings (18, 96-98). By interfacing 
matrix gratings with a commercial CMOS sen- 
sor, the spatial polarization profile of a scene can 
be imaged in real time, enabling a polarization- 
sensitive camera that provides extra information 
compared with raw intensity images (Fig. 2F). 
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Besides controlling polarization in the trans- 
verse plane (in 2D), a new class of meta-optics 
has enabled parallel polarization transforma- 
tions along the optical path. In this case, a 
single meta-optic can mimic an arrangement 
of many polarization optics cascaded in series 
(Fig. 2G) (99). Light incident on this device is 
converted into a quasi-nondiffracting (pencil- 
like) beam that changes its polarization state 
as if encountering different polarizers and 
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waveplates at each zg plane thereafter. For 
example, Fig. 2H exhibits the response of a 
meta-optic that analyzes for a set of linear 
polarizations between 0° and 90° along the z 
direction, as depicted by the red arrows. By 
rotating the input linear polarization from 0° 
to 90°, the centroid of the output beam is 
continuously translated along the axial direc- 
tion, following the projection on the red 
arrows and in accordance with Malus’s law 
(99). This polarization-switchable axicon may 
find use in optical trapping applications in 
which rapid polarization modulation at the 
input can modify the output scattering forces 
and radiation pressure on demand. Besides 
polarization, this design methodology can be 
generalized to control light’s OAM along the 
propagation direction. Figure 2I shows the 
response of total angular momentum (TAM) 
plates (100). By switching the input polariza- 
tion between any two specified orthogonal 
bases, the device produces two distinct optical 
vortices in which the OAM state ¢ (wavefront 
helicity) varies with propagation, as signified 
by the change in the beam’s diameter. The 
optical micrographs of these devices (Fig. 2J) 
express very characteristic patterns. Simul- 
taneous and independent control over both 
components of angular momentum (spin and 
orbit) has also been achieved (Fig. 2K) (100). 
In this case, the vortex beam changes its OAM 
state and rotates its polarization state adia- 
batically as a function of z, regardless of the 
incident polarization. Notably, the evolution 
in angular momentum occurs only locally over 
the central region of the beam because of spa- 
tial multimode beating (i.e., controlled inter- 
ference between copropagating modes with 
different wave vectors). The total OAM is 
conserved when integrated across the entire 
transverse plane. 3D structured light can be 
used in refractive index sensing (J0/, 102), 
free-space optical communications (103), and 
micromanipulation at multiple planes (104). 


Tuning with structured light 


Because a photon’s spin is constrained to two 
degrees of freedom, polarization-switchable 
metasurfaces are primarily limited to mapping 
two orthogonal polarizations to two output 
wavefront profiles. Multichannel holography 
(86, 87) can relax this constraint by decoupling 
different input-output polarization channels, 
but with additional bulk optics and an upper 
limit on the number of generated holograms, 
as described in the previous section. To over- 
come these challenges, OAM holography with 
metasurfaces has emerged as a versatile 
wavefront-shaping tool (105-107). It relies on 
mapping an orthogonal set of vortex beams 
(modes with helical phasefront) to an arbitrar- 
ily large number of output holograms (con- 
strained by the aperture size). Figure 3, A 
to C, depicts three variations: OAM-conserving, 
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-selective, and -multiplexing meta-holograms 
(105). OAM-conserving holograms produce pix- 
elated images while preserving the OAM prop- 
erty of incident OAM beams in each pixel of the 
reconstructed image (Fig. 3A). To achieve this, 
the holographic image is spatially sampled by 
an OAM-dependent 2D Dirac comb function to 
avoid spatial overlap of the helical wavefront 
kernel at the image plane (upon its convolu- 
tion with the hologram). OAM-selective holo- 
grams, on the other hand, are sensitive to the 
input OAM mode because they project a holo- 
graphic image in response to a particular helical 
mode. This is realized by adding a spiral phase 
e* on an OAM-conserving meta-hologram, 
where e is Euler’s number, 7 is the imaginary 
unit, and is the azimuthal phase. In this case, 
the target image will only be projected if the 
conjugate mode e“ is incident on the metasur- 
face. Notably, adding multiple OAM-selective 
holograms (designed to be sensitive to differ- 
ent OAM numbers) on the same metasurface 
will create an OAM-multiplexing meta-hologram 
that maps different OAM states to distinct holo- 
graphic images (Fig. 3C). Gallium nitride (GaN) 
metasurfaces were used to demonstrate these 
three types of holograms in the visible range 
(632 nm), by mapping four helical modes to 
four different holograms (105). 
Furthermore, owing to their orthogonality 
and unbounded size, many OAM modes can 
be multiplexed by a single meta-hologram 
while maintaining high spatial resolution. 
For example, OAM states ranging from an / of 
-50 to 50 impinging on an OAM-multiplexing 
meta-hologram can sequentially address 200 
OAM-dependent orthogonal holographic image 
frames (100 images at two different axial posi- 
tions, 2), allowing an all-optical holographic 
video display without any mechanical scanning 
(Fig. 3D) (706). Here, the metasurface is made 
of a 3D-printed polymer and can achieve 
complex-amplitude modulation at 633 nm. 
Notably, more than one hologram can be en- 
coded on the same OAM state by using the 
input-output polarization channel as an addi- 
tional degree of freedom (Fig. 3E) (J08). 
Besides OAM, more general wavefront dis- 
tributions can serve as control knobs to pro- 
ject distinct holographic images (Fig. 3F) (709). 
By illuminating a silicon metasurface with a 
judiciously engineered wavefront at 633 nm, 
the encrypted image can be displayed, whereas 
under uniform illumination, random noise is 
generated. This approach relies on dividing the 
target phase profile of the holographic image 
into two distributions that are imposed on the 
metasurface and the illumination beam. Even 
though the metasurface is static, the incident 
beam contains a large parameter space that can 
alter (reprogram) the output beam, suggesting 
new techniques for information security and 
authentication. Similarly, an all-optical solution 
for secret key sharing has been proposed using 
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cascaded meta-surface holography (1/0). This 
configuration can be used to split and share 
encrypted holographic information across mul- 
tiple metasurface layers (Fig. 3G). A set of meta- 
surfaces are designated as “shares.” Each of 
them contains an encoded phase-only Four- 
ier hologram, which can be reconstructed in 
the far field upon illumination with circularly 
polarized light, serving as specific identifiers 
for each metasurface. Meanwhile, when two 
metasurfaces are stacked 100 um apart, the 
illumination of the cascaded configuration 
creates a new holographic image that is dis- 
tinct from the two single-layer holograms. This 
cascaded holographic image can be used as 
an optical secret that is only revealed if both 
metasurfaces are stacked and can be extended 
to a larger set of shares. The concept relies on 
the fact that the same cascaded phase mask 
can be built up through combinations of dif- 
ferent single phase masks without revealing any 
information about the shared secret within the 
single-layer images. It has been implemented 
with an iterative gradient optimization approach 
that uses the “automatic differentiation” feature 
of machine learning. In the future, a reprogram- 
mable version of this scheme can be realized by 
combining a metasurface as the main share with 
a digitally addressed spatial light modulator as 
the deputy share. In addition to structured light, 
complex patterns of structured dark can poten- 
tially be used as metasurface knobs. For example, 
beyond the 1D singularity carried by OAM 
modes, 2D singularity sheets have been engi- 
neered by minimizing the real and imaginary 
components of the field over an arbitrarily 
chosen geometry, as shown in Fig. 3H (J11). 
By maximizing the phase gradient normal to 
the region of interest, heart-shaped singularity 
sheets have been generated. Similarly, vectorial 
singularity sheets, over which the polarization 
state is undefined, have also be constructed. 
These degrees of freedom provide additional 
knobs for meta-holograms and may suggest 
new sensing schemes owing to their extreme 
sensitivity to perturbation (/72). 


Multiwavelength control 


Dispersion, or wavelength dependence, is a 
profound property of all optical materials. It 
imposes a fundamental limit on achromatic 
focusing, broadband holography, and high- 
rate data transmission. Decades of effort have 
attempted to tailor dispersion by tuning the 
chemical composition (refractive index) of mat- 
ter, which is often a daunting and nonscalable 
task. Metasurfaces provide a more flexible route 
to dispersion engineering through shaping the 
geometry of meta-atoms, thereby altering their 
effective refractive index in a reproducible man- 
ner at the nanoscale. Dispersion-engineered 
metasurfaces can emulate the dispersion prop- 
erties of refractive or diffractive optics, on de- 
mand, and have subsequently emerged as a 
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Fig. 3. Structured light as a metasurface knob. (A) OAM-conserving 
holograms can project a pixelated image where each pixel carries the same 
OAM as the source, as depicted by the arrows in the spatial frequency 
(k-space) domain (top right). The corresponding phase () and intensity (/) 
distributions of single pixels in the reconstructed images are shown at the 
bottom right. Pseudocolors visualize different OAM modes. Images reproduced 
from (105). (B) OAM-selective holograms can project an image in response to a 
specific input OAM mode. The phase and intensity of each pixel in the reconstructed 
holographic images are shown on the right. High intensity is achieved in each 
pixel if the incident OAM mode matches the specified design (¢ = -2). Images 
reproduced from (105). (©) OAM-multiplexing holograms can reconstruct 

many OAM-dependent holographic images. Images reproduced from (105). 

(D) OAM holography can realize time-varying image frames by mapping a range 
of input OAM states (from £ = -50 to 50) to output images, creating a movie. 
This can occur at multiple z planes along the optical axis. Here, the metasurface 
is fabricated using 3D laser printing, as depicted in the inset. The nanofin’s 
height (H) and rotation (8) provide independent control of amplitude and phase. 
Reprinted by permission from Springer Nature (106). (E) Polarization-encrypted 
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OAM holography makes use of the input-output polarization channels (white 
arrows) to encode additional images on each OAM state. The black-to-white 
scale bar represents normalized intensity. Reproduced with permission 

from (108). (F) Encrypted meta-holograms project the desired image only 
when illuminated with the correct light structure and generate random noise 
otherwise. Images reproduced from (109). (G) Secret key sharing using “master 
share” metasurface holograms (set A) and three “deputy share” metasurface 
holograms (set B). Every metasurface in each set can project a distinct 

Fourier hologram. By stacking two metasurfaces from sets A and B, a new 
holographic image is generated. Each metasurface is represented by a specific 
color. Images reproduced from (110). (H) Heart-shaped optical singularities 

can be engineered by creating an isosurface of low field intensity. The phase 
gradient is maximized in the directions indicated by the arrows (left). A titanium 
dioxide metasurface made of cylindrical nanofins can generate the heart- 
shaped dark patterns (middle), whereas a birefringent metasurface composed 
of rectangular nanofins can create vectorial singularity sheets with undefined 
polarization azimuth (far right), as indicated by the black and white lines. Images 
reproduced from (111). 
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promising platform for achromatic focus- 
ing, wavelength-dependent holography, multi- 
functional devices, and pulse shaping, as 
comprehensively reviewed in (20, 34, 37). 
Note that achromaticity is dominated by the 
phase and group delay (first-order dispersion) 
of the phase shifters. For example, to maintain 
a broad-band performance, the phase shifters 
should exhibit smooth dispersive responses by 
avoiding sharp resonances. On the other hand, 
operating near sharp resonances can effectively 
decouple the phases at different wavelengths, 
allowing a multifunctional response. 
Multiwavelength control has been realized 
with interleaved superpixels, guided-mode res- 
onances, coupled meta-atoms, and stacked 
metasurfaces, among others. Figure 4A shows 
one implementation of the former in which a 
dielectric metasurface manipulates the phase 
response of red, green, and blue wavelengths 
independently (113). The meta-molecule con- 
sists of three kinds of silicon nanoblocks, each 
imparting a geometric phase on a specific wave- 
length by varying the in-plane orientation of 
each waveplate-like nanofin. Despite its straight- 
forward implementation, spatial interleaving 
imposes an upper limit on efficiency and in- 
troduces undesired meta-atom coupling, which 
degrades the image quality, producing ghost 
images and unwanted diffraction orders. To 
overcome these limitations, vertically stacked 
metasurfaces have been proposed where each 
layer is optimized for a particular incoming 
wavelength, enabling achromatic focusing and 
a multiwavelength response, albeit at the ex- 
pense of complex fabrication requirements 
(114). These challenges can be mitigated by 
using dispersion-engineered metasurfaces 
such as the one depicted in Fig. 4B (775). This 
scheme makes use of a reflective metasurface 
to effectively double the propagation phase per 
pillar compared with operating in transmis- 
sion. It also introduces wavelength-dependent 
guided-mode resonances, which arise when 
incident light couples to the leaky surface 
modes and reradiates into free space through 
phase matching. This creates rapid phase 
gradients around the resonances, enabling 
broad phase coverage while decoupling the 
phases imparted on each wavelength. Using 
this approach, red, green, and blue wavelengths 
have been mapped to three different phase pro- 
files (Fig. 4B). Bilayer metasurfaces can further 
expand the design space, enabling wavelength- 
selective holography with complex-amplitude 
modulation, as depicted in Fig. 4C (7/6). 
Metasurface-assisted configurations have 
also been used in pulse shaping and spatio- 
temporal light control. For example, Fig. 4D 
depicts a frequency-gradient metasurface 
created by combining a frequency comb source 
(centered at 4 = 720 nm) with a passive 
metasurface (made of silicon nanopillars on 
sapphire substrate) to achieve ultrafast dy- 
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namic beam steering without any mechani- 
cal components (4/). The underlying concept 
relies on mapping each incoming spectral 
line into a spatial optical mode with a differ- 
ent wave vector. Because the spectral lines are 
phase-locked, their individual spatial patterns 
constructively interfere to generate a 4D opti- 
cal pattern in which the spatial light intensity 
distribution naturally evolves in time (steer- 
ing 25° in 8 ps). 

Figure 4E shows another metasurface- 
based setup for 1D pulse shaping, realized by 
placing a metasurface made of polycrystal- 
line silicon nanopillars at the focal plane of a 
Fourier-transform—that is, spectral dispersing- 
recombining—pulse synthesizer (717). The 
metasurface provides independent phase and 
amplitude control for each spectral component 
of a 10-fs pulse centered at 800 nm, thereby 
tailoring its temporal characteristics at will. 
More compact setups for pulse shaping, with- 
out the use of diffraction gratings, can be 
achieved through direct interaction with a 
single metasurface (Fig. 4F) (178). In this case, 
a broadband pulse compressor nanocoating 
compensates for the group delay dispersion 
of up to 2-mm-thick fused silica glass in the 
visible-to-NIR spectral region with a bandwidth 
of up to 80 nm. The group delay characteristics 
are determined by geometric properties of the 
nanopillars rather than their material disper- 
sion, as shown in Fig. 4F, providing a versatile 
approach that can be adapted to different 
spectral regions and applications. 


Nonlinear metasurfaces 


The use of light’s degrees of freedom as con- 
trol knobs can naturally be extended to harness 
nonlinear interactions. Note that obtaining a 
strong nonlinear response from optically thin 
structures requires much stronger light-matter 
interactions than natural bulk nonlinear media. 
Nonlinear metasurfaces tackle this dilemma by 
judiciously structuring the shape and size of the 
nanoscatterers, thereby enhancing the non- 
linear effects over very small volumes by re- 
laxing phase-matching and symmetry rules 
(119, 120). Earlier work relied on the excita- 
tion of localized surface plasmon polariton 
resonances to strongly enhance the electro- 
magnetic field in the vicinity of the meta-atoms— 
an effect that can be tailored by designing the 
meta-atom geometries. Configurations of this 
type often use metal-dielectric interfaces where 
the nonlinearities stem from the asymmetry of 
the potential, confining the electrons at the 
material interface (127). For instance, Fig. 5A 
shows a meta-atom made of a split-ring res- 
onator, which provides strong anisotropic re- 
sponse in the linear regime as well as highly 
efficient second-harmonic generation (SHG) 
(722). Circularly polarized light with spin -—o 
interacting with this meta-atom (of angular 
orientation ©) will accumulate a geometric 
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phase of 200 (o is +1 depending on the input 
polarization handedness), whereas the SHG 
signals with spin o and -o will acquire a 
Berry phase of of and 300, respectively. 
Thus, by designing orientation angles of each 
meta-atom, three different spatial phase dis- 
tributions can be imparted on the fundamental, 
co- and cross-polarized SHG under left-handed 
circular polarization (LCP), as shown in Fig. 5B. 
Here, we refer to the Berry phase acquired by 
the SHG signal as the nonlinear Berry phase. 
Moreover, nonlinear metasurfaces based on 
multilayered V-shaped gold nanoantennas 
have enabled polarization-multiplexed holog- 
raphy on the third harmonic-generated (THG) 
signal (A = 422 nm), making it possible to 
project different images at multiple propa- 
gation distances by changing the incoming 
polarization (123). 

Recently, all-dielectric metasurfaces have 
received much attention because of their low 
optical loss, strong field overlap, and system- 
atic control over their dispersion properties, 
as reviewed in (720). Here, we highlight one 
application that made use of a silicon meta- 
lens to enhance the nonlinear conversion effi- 
ciency for the THG process (124). Figure 5C 
depicts the proposed nonlinear lens scheme. 
Here, the fundamental wave (1550 nm) incor- 
porates the object information, whereas the 
nonlinear image formed on the other side of 
the lens (517 nm) deviates in terms of size and 
location from the linear regime, obeying a mod- 
ified Gaussian lens equation (124). Figure 5D 
shows scanning electron microscope (SEM) 
images of the fabricated lens in addition to 
an L-shaped aperture imaged using this lens. 
The longitudinal profiles of the fundamental 
and THG beams are shown in Fig. 5E. Notably, 
the THG image formed using this nonlinear 
scheme carries additional information about 
the spatial coherence of light emitted from the 
object, inferred from the high-order spatial cor- 
relations from different features of that object 
(not shown here). 

More-complex behavior such as directional 
transmission based on asymmetric parame- 
tric conversion has been recently demonstra- 
ted. Devices of this kind can produce images 
in the visible spectral range when illuminated 
by infrared radiation while projecting differ- 
ent and independent images by reversing the 
direction of illumination (Fig. 5F) (725). Here, 
the resonators consist of two layers of materials: 
amorphous silicon and silicon nitride (Fig. 5G). 
Silicon has a higher refractive index and non- 
linear susceptibility compared with silicon 
nitride. In this case, “forward” illumination 
leads to predominantly magnetic dipole-type 
scattering, whereas under “backward” illumi- 
nation, the scattering is dominated by an 
electric dipole. The field enhancements within 
the nanoresonator are substantially higher for 
the forward excitation than they are for the 
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Fig. 4. Metasurface optics with multiwavelength control. (A) A highly 
dispersive meta-hologram can independently project distinct red, green, and blue 
images to reconstruct a holographic flower. The device relies on meta-molecules 
consisting of silicon nano blocks, each optimized for one wavelength, multiplexed 
altogether to form the metasurface. Partial SEM images of the fabricated 
metasurfaces are shown. Scale bar is 1 ym. P, periodicity of the metamolecule. 
Reprinted with permission from (113). Copyright 2016 American Chemical Society. 
(B) Wavelength-controlled beam generator focuses incoming red, green, and 
blue Gaussian beams into OAM states £ of 0, 1, and 2, respectively. The device 
elies on phase shifters made of titanium dioxide (Ti02) square nanopillars on 
top of a silver (Ag) substrate with a thin layer of silicon dioxide (SiOz) in between. 
The reflection phase can be controlled by adjusting the width of the nanopillar. 
easured output intensity profiles are shown on the right (in 1D and 2D) for each 
incident wavelength. Scale bars are 2 wm. H, height; U, unit-cell length; W, width of 
the nanopillar. Reprinted with permission from (115). Copyright 2016 American 
Chemical Society. (C) Bilayer meta-holograms made of amorphous silicon 
nanopillars can project two independent (complex-amplitude modulated) logos in 
esponse to two different wavelengths, 1180 and 1680 nm. Images reproduced 
from (116). (D) Interaction between an input frequency-comb source and a passive 
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metasurface where each spectral line is mapped to a spatial optical mode, 

via diffraction and focusing, generating a spatiotemporal optical pattern with time- 
varying tilt for beam-steering applications. a, incoming pulse composed of a 
discrete superposition of weighted spectral lines; d, spatial separation between the 
output spatial optical modes; r, position; t, time. Images reproduced from (41). 
(E) Ultrafast pulse shaping using metasurface-based Fourier transform. The setup 
consists of a pair of diffraction gratings, two parabolic mirrors, and a metasurface 
that is divided into N superpixels along the x direction to tailor the temporal 
characteristics of the output pulse. Here, N is 660 superpixels, each 34 um in size. 
Temporal profiles of the targeted and measured output pulse are depicted at the 
bottom for a positively chirped input pulse (left) and a transform-limited input 
pulse (right). Images reproduced from (117). (F) Metasurface-based pulse 
compressor. Ultrashort pulses typically suffer from normal chromatic dispersion in 
transparent materials, which leads to pulse stretching. To mitigate these effects, 

a nanocoating (purple) can be applied to thin substrate to shorten elongated pulses 
or to thick optics to compensate for its group delay dispersion. Images 
reproduced from (118). (G@) Measured and simulated compressor group delay profile 
compared with a fused silica substrate. The shaded regions mark spectral regions 
with different values of group delay dispersion. Images reproduced from (118). 


lithically integrated photonic component to 


difference in brightness of the generated third- 
harmonic signal. Asymmetric harmonic gen- 
eration can thus be used to generate two 
different images depending on the direction 
of illumination (Fig. 5H). This functionality 
can go beyond parametric generation of light 
and may find application in asymmetric gen- 
eration of entangled photon states as well as 
realizing nonreciprocal behavior and optical 
isolation at the nanoscale. 
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Over the past decade, the use of flat optics has 
been widely extended from wavefront shaping 
and focusing to more sophisticated manipula- 
tion of structured light, owing to rich meta- 
atom libraries, accurate full-wave simulations, 
and precise nanofabrication. Complex config- 
urations of single- and multilayer meta-atoms 
have enabled multifunctional behavior by sim- 
ply changing one or more degrees of freedom 
of input light. This ability allows a static mono- 
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rapidly switch its behavior without the need 
for active circuitry. We have highlighted recent 
progress in this field as well as its possible 
applications in holography, structured-light 
generation, and polarization control. Meta- 
surfaces with all-optical control knobs will serve 
as a key player in augmented reality and virtual 
reality (AR and VR) devices, 3D displays, and 
drone and automotive light detection and rang- 
ing (LIDAR) systems, owing to their light 
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Fig. 5. Nonlinear metasurface holography and imaging. (A) Linear and 
nonlinear Berry phases from a gold split-ring resonator with an orientation angle 
of o. While the transmitted fundamental cross-circularly polarized (CP) 
component accumulates a linear geometric phase of 20, CP and cross-CP 
components of the SHG incur nonlinear geometric phases of oo and 300, 
respectively. w, angular frequency. Images reproduced from (122). (B) The linear 
channel of the meta-hologram projects the letter “X” at IR wavelengths, whereas 
he second-harmonic channels encode the letters “R” and “L” on different 
ircular polarization states. SEM images of the device and its output response 
re shown. Images reproduced from (122). (€) Schematic of image formation 
with a regular lens compared with that with a nonlinear lens made of x 
aterial, where the size and location of the formed image are modified. a, 
position of the object; A, height of the object; b, image position; B, image height; 
F, focal length. Reproduced with permission from (124). (D) An SEM image of 
e fabricated all-dielectric nonlinear metalens is shown on the left. A micrograph 
the fabricated L-shaped aperture placed at an object distance -300 um 
front of the metalens is shown on the right. Although the conventional lens 
equation predicts image formation at infinity, the focal plane and the formed 
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weight, ease of integration, and compact foot- 
print. For instance, an autonomous vehicle 
can make use of metasurface-based polariza- 
tion cameras to distinguish between different 
features on a road environment (e.g., water 
versus mud puddles) without the need for 
expensive and bulky camera systems (89). 
Additionally, nonlocal metalenses can be 
deployed in AR and VR wearable devices to 
reflect NIR light onto the iris for accurate 
eye tracking while transmitting visible light, 
ensuring unperturbed vision of the outside 
world (126). Moreover, integrating multifunc- 
tional metasurfaces with quantum emitters can 
enable efficient single-photon quantum sources 
and quantum-entangled photon states, whereas 
combining metasurfaces with single-photon- 
sensitive charge-coupled device cameras could 
allow multiple timeframe imaging and fast 
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quantum measurements (127). Furthermore, 
complex states of classical and nonclassical 
structured light can be generated with meta- 
surface-assisted laser cavities (128). The list 
goes on, with numerous applications that can 
make use of multifunctional flat optics, from 
laser beam shaping to optical communica- 
tions, biomedical sensing, and imaging (129). 
Nevertheless, several open challenges are 
still underway in metasurface research and 
applications. At the physical layer, topology- 
optimized meta-atom libraries seek to expand 
the function of forward-designed nanoanten- 
nas by exploring a larger design space of free- 
form geometries (44). Inverse-design and 
machine-learning techniques will be key tools 
for addressing this challenge by searching 
nonintuitive design spaces (130, 131). More 
accurate models that account for the meta- 
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image of the THG lie at a z of 300 and 450 um at the back focal plane of the 
metalens, respectively, governed by the generalized Gaussian lens equation. 
Reproduced with permission from (124). (E) Measured longitudinal intensity 
profiles of the fundamental (red) and THG (green) beams for the fundamental 
wavelength of 1550 nm. Reproduced with permission from (124). (F) Asymmetric 
parametric generation of images with a nonlinear metasurface. Different and 
independent THG images are generated in transmission, depending on the 
direction of illumination. Reproduced with permission from (125). (G) The 
metasurface is made of an anisotropic cylindrical nanoresonator consisting of 
silicon (gray) and silicon nitride (green) embedded into glass (left). Arrows 
visualize forward and backward excitation. Near-field distributions of the electric 
field at the fundamental (A =1475 nm) and third-harmonic signal (A = 492 nm) 
for the forward and backward directions show high transmission contrast 
(right). Yellow lines mark contours of the bilayer nanoresonator. Reproduced with 
permission from (125). (H) SEM images of the meta-hologram. Its nonlinear 
optical response detected in transmission at the third-harmonic frequency 

is shown on the right under forward and backward excitation at a wavelength of 
1475 nm. Reproduced with permission from (125). 


atom coupling, in the absence of periodic 
boundary conditions, are also being tested 
now (132). Additionally, bilayer metasurfaces 
are being investigated as means for enhancing 
the diffraction efficiency (133) and realizing 
more versatile polarization control by relax- 
ing the Jones matrix symmetry constraint 
imposed by their single-layer counterpart 
(116, 123). With regard to mass production, 
several fabrication techniques are being devel- 
oped to realize large area and conformal meta- 
surfaces. From a light-wave standpoint, we 
expect that more attention will be given to 
the full vectorial nature of nonparaxial light 
(e.g., to control its longitudinal field compo- 
nent) as an additional degree of freedom 
(134). Likewise, optical coherence will be more 
heavily investigated as a fundamental prop- 
erty of light that acts as an additional control 


9 of 11 


RESEARCH | 


REVIEW 


knob if combined with engineering of the 
point spread function of the metasurface. In 
the near future, we envision that hybrid con- 
figurations of static and active metasurfaces 
will be integrated to realize the best of both 
worlds: high spatial resolution and time- 
varying response. With this versatile level of 
control, pushing structured light from 2D to 3D 
and from frozen to animate will help unlock a 
rich palette of optical phenomena through- 
out the next decade, from the atomic to the 
astrophysical scale. 
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INTRODUCTION: Mutational signatures—imprints 
of DNA damage and repair processes that have 
been operative during tumorigenesis—provide 
insights into environmental and endogenous 
causes of each patient’s cancer. Cancer genome 
sequencing studies permit exploration of mu- 
tational signatures. We investigated a very large 
number of whole-genome-sequenced cancers 
of many tumor types, substantially more than 
in previous efforts, to comprehensively re- 
inforce our understanding of mutational 
signatures. 


RATIONALE: We present mutational signature 


analyses of 12,222 whole-genome-sequenced 
cancers collected prospectively via the UK 
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from UK NHS (GEL) 
19 Tissue- 
tissue-types type A Common signatures 
es @ e @ 
et fh ul 
> Len Rar “on ures 
issue- : ae 
eB Common signatures 


t. tf i 
TOT PP ba 


Independent analysis of public WGS cancer cohorts 
ICGC 3,001 WGS 19 tissue-types 
e issue-type A 


eo 
> 
ft uh 
ee issue-type B : 
Common signatures 


§ t f ai iL) Rare signatures 


Hartwig 3,417 WGS 18 tissue-types 

eee issue-type A 

s - ce —™ Rare signatures 
e e issue-type C 
FIN tH - 


Common signatures 
Rare signatures 


Common signatures 


Common signatures 
Rare signatures 


National Health Service (NHS) for the 100,000 
Genomes Project. We identified single-base 
substitution (SBS) and double-base substitu- 
tion (DBS) signatures independently in each 
organ. Exploiting this unusually large cohort, 
we developed a method to enhance discrimi- 
nation of common mutational processes from 
rare, lower-frequency mutagenic processes. We 
validated our findings by independently per- 
forming analyses with data from two publicly 
available cohorts: 3001 primary cancers from 
the International Cancer Genome Consortium 
(ICGC) and 3417 metastatic cancers from the 
Hartwig Medical Foundation. We produced a 
set of reference signatures by comparing and 
contrasting the independently derived tissue- 


More rare signatures were discovered 
in larger cohorts 


@GEL @ICGC @Hartwig 
Common signatures Rare signatures 


Number of signatures 
Number of signatures 


Number of samples Number of samples 


Relate samples across cohorts and 
tissue-types using Reference Signatures 


0.08 | Example SBS116 


0.04 l | 

0.00 hibits a Mall a 

SBS116 found in 3 samples “(ee 

GEL: 1 breast, 1 ovary 

Hartwig: 1 prostate . 

Hartwig 1 
[ ) Investigate new samples using FitMS 

Step 1 Step 2 
Fit common Attempt to find additional 
signatures rare signatures 


Discovery and application of common and rare mutational signatures. Analysis of three large whole-genome- 
sequenced cancer cohorts revealed that per-organ common signatures are limited in number, whereas numbers 
of rare signatures increase with increasing cohort size. Reference signatures permit comparisons across organs and 
cohorts. Henceforth, a new algorithm, FitMS, which accounts for common and rare signatures, can be used to 


analyze new samples. GEL, Genomics England cohort. 
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specific signatures and performing clustering 
analysis to unite mutational signatures from 
different tissues that could be due to similar 
processes. We included additional quality con- 
trol measures such as dimensionality reduction 
of mixed signatures and gathered evidence that 
could help elucidate mechanisms and etiol- 
ogies such as transcriptional and replication 
strand bias, associations with somatic drivers, 
and germline predisposition mutations. We also 
investigated additional mutation context and 
examined past clinical and treatment histories 
when possible, to explore potential etiologies. 


RESULTS: Each organ contained a limited num- 
ber of common SBS signatures (typically be- 
tween 5 and 10). The number of common 
signatures was independent of cohort size. By 
contrast, the number of rare signatures was 
dependent on sample size, as the likelihood of 
detecting a rare signature is a function of its 
population prevalence. The same biological 
process produced slightly different signatures 
in diverse tissues, reinforcing that mutational 
signatures are tissue specific. 

Across organs, we clustered all tissue-specific 
signatures to ascertain mutational processes 
that were equivalent but occurring in different 
tissues (i.e., reference signatures). We obtained 
82 high-confidence SBS reference signatures 
and 27 high-confidence DBS reference signa- 
tures. We compared these with previously re- 
ported mutational signatures, revealing 40 and 
18 previously unidentified SBS and DBS signa- 
tures, respectively. 

Because we are cognizant of increasing com- 
plexity in mutational signatures and want to 
enable general users, we developed an algo- 
rithm called Signature Fit Multi-Step (FitMS) 
that seeks signatures in new samples while 
taking advantage of our recent findings. In a 
first step, FitMS detects common, organ- 
specific signatures; in a second step, it deter- 
mines whether an additional rare signature is 
also present. 


CONCLUSION: Mutational signature analysis 
of 18,640 cancers, the largest cohort of whole- 
genome-sequenced samples to date, has re- 
quired methodological advances, permitting 
knowledge expansion. We have identified 
many previously unreported signatures and 
established the concept of common and rare 
signatures. The FitMS algorithm has been 
designed to exploit these advances to aid users 
in accurately identifying mutational processes 
in new samples. 


The list of author affiliations is available in the full article online. 
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Whole-genome sequencing (WGS) permits comprehensive cancer genome analyses, revealing mutational 
signatures, imprints of DNA damage, and repair processes that have arisen in each patient’s cancer. 
We performed mutational signature analyses on 12,222 whole-genome-sequenced tumor-normal 
matched pairs from patients recruited via the UK National Health Service (NHS). We contrasted our 
results with two independent cancer WGS datasets—from the International Cancer Genome Consortium 
(ICGC) and the Hartwig Medical Foundation (HMF)—involving 18,640 whole-genome-sequenced cancers 

in total. Our analyses add 40 single and 18 double substitution signatures to the current mutational 
signature tally. We show for each organ that cancers have a limited number of common signatures and a 
long tail of rare signatures, and we provide a practical solution for applying this concept of common 


versus rare signatures to future analyses. 


he global cancer burden was estimated 

at 19.3 million new cases and 10.0 mil- 

lion deaths in 2020 (1). Worldwide, can- 

cer is the first or second leading cause 

of mortality before the age of 70 (7). The 
genome of a cancer is a highly distorted entity 
that has acquired thousands of genetic aberra- 
tions since conception (2). If examined com- 
prehensively, cancer genomes can thus reveal 
insights into carcinogenesis (2). 

Today, modern sequencing technologies 
have augmented the scale and rapidity of ge- 
nome resequencing (3), permitting whole- 
genome sequencing (WGS) approaches that 
provide an all-inclusive perspective on cancer 
genomes (4). Beyond the handful of causative 
driver mutations, WGS allows exploration of 
the full landscape of passenger mutations that 
describe the processes that have arisen during 
tumorigenesis, resulting in patterns known as 
mutational signatures (5-7). Whereas drivers 
become important targets for therapeutic in- 
tervention, mutational signatures provide clues 
regarding historical environmental exposures 
and highlight potentially targetable pathway 
defects (4, 6, 8, 9). 

Substantial efforts by The Cancer Genome 
Atlas (TCGA) (J0), the International Cancer 


‘Academic Department of Medical Genetics, School of 
Clinical Medicine, University of Cambridge, Cambridge 

CB2 0QQ, UK. “Early Cancer Institute, University of 
Cambridge, Cambridge CB2 OXZ, UK. “Genomics England, 
Queen Mary University of London, Dawson Hall, Charterhouse 
Square, London ECIM 6B0Q, UK. “Faculty of Life Sciences and 
Medicine, King’s College London, London SE1 ORT, UK. 
*Corresponding author. Email: sn206@cam.ac.uk 

tGenomics England Research Consortium members and affiliations 
are listed at the end of this paper. 


Degasperi et al., Science 376, eabl9283 (2022) 


Genome Consortium (ICGC) (9, 17), and the 
Hartwig Medical Foundation (HMF) (72) have 
helped advance cancer genomics considerably 
in recent years. However, an endeavor to gen- 
erate whole cancer genomes from national 
public health cancer services would be a wel- 
come demonstration of how cancer genomic 
data can be derived in real time and ultimately 
benefit patients and the scientific community. 
We examined a cohort of 15,838 whole- 
genome-sequenced cancers from patients re- 
cruited from all 13 UK National Health Service 
(NHS) Genomic Medicine Centres across 
England as part of the Genomics England 
(GEL) 100,000 Genomes Project (l00kGP) 
(7, 13) (GEL v8 data release). We report the 
analysis of mutational signatures and high- 
light a conceptual advance achieved via the 
examination of this substantial WGS collec- 
tion. We add 40 single-base substitution (SBS) 
mutational signatures and 18 double-base sub- 
stitution (DBS) mutational signatures to the 
current tally. We compare these additional sig- 
natures to known etiologies and end by sug- 
gesting principles of how to meaningfully use 
mutational signatures in future analyses. 


The GEL cohort 


All 15,838 tumor-normal sample pairs were 
taken through 100kGP bioinformatic somatic- 
variant analysis pipelines. We restricted our 
analysis to high-quality data derived from 
flash-frozen material, involving 12,222 GEL 
tumor samples from 11,585 individuals (sev- 
eral participants had synchronous or metach- 
ronous tumors). For this evaluation, the final 
dataset included a total of 298,694,545 substitu- 
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tions, 2,675,617 double substitutions, 154,675,475 
indels, and 1,958,105 rearrangements (Fig. 1, 
A and B, and tables S1 and S2) of 19 tumor 
types [skin, lung, stomach, colorectal, blad- 
der, liver, uterus, ovary, biliary, kidney, pan- 
creas, breast, prostate, bone and soft tissue, 
central nervous system (CNS), lymphoid, oro- 
pharyngeal, neuroendocrine tumors (NETs), 
and myeloid]. 


Common and rare mutational signatures 


The national GEL sequencing endeavor de- 
livers thousands of samples for certain tumor 
types (1009 lung, 1355 kidney, 2572 breast, and 
1480 bone and soft-tissue cancers), one or two 
orders of magnitude greater than the number 
of samples generated from previous WGS ef- 
forts for some organs. This permits robust de- 
tection of signatures that are rare—i.e., those 
occurring in <1% of the tumors. Furthermore, 
already-sequenced WGS cohorts, such as ~3000 
primary cancers from ICGC and ~3400 meta- 
static cancers from HMF, provide a powerful 
means of validating findings. 

We performed mutational signature extrac- 
tions confined to specific tumor types by means 
of an updated signature extraction method 
(Fig. 1C, fig. S1, tables S3 to S6, and materials 
and methods). Briefly, for each tumor type, we 
clustered mutational catalogs (counts of SBSs 
in 96-element form or DBSs in 78-element 
form), selecting only samples with recurrent, 
commonly occurring profiles to perform sig- 
nature extraction (fig. S1, A to C). Cases with 
unusual profiles and likely to have rare signa- 
tures were excluded in the first extraction, 
thus yielding a set of highly accurate common 
signatures that are prevalent for a given tumor 
type. Next, by fitting these common signatures 
into all samples, cases that are likely to have 
additional patterns not fully explained by com- 
mon signatures alone would report a high error 
(or discrepancy between true sample catalog 
and reconstructed catalog) (fig. S1D). Potential 
additional signatures were then extracted from 
these samples to obtain a set of rare signatures 
(fig. S1, E to H, and materials and methods). 
Accordingly, we obtained a set of common sig- 
natures and a set of rare signatures for each 
tumor type. In all, for SBSs, we identified 135 
common signatures and 180 rare signatures in 
19 tumor types within the GEL cancer cohort. 

To validate these common and rare signa- 
tures, we performed signature extractions in 
independent cohorts of 3001 ICGC primary 
whole-genome-sequenced cancers (19 tumor 
types) and 3417 metastatic HMF WGS samples 
(18 tumor types). We identified 135 common 
and 58 rare signatures in the ICGC cohort and 
135 common and 114 rare signatures in the 
HMF cohort (tables S7 to S10). We performed 
an agnostic three-way signature comparison 
in 16 tissue types that were present in all three 
cohorts (fig. $2) and found that signatures 
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Fig. 1. Whole-genome-sequenced cancers across three independent cohorts: 
GEL, ICGC, and HMF. (A) WGS cases included in analyses. (B) Number of samples 
and mutational burden of somatic single-nucleotide variants (SNVs) and double- 
nucleotide variants (DNVs) across 21 whole-genome-sequenced tumor types from 
the GEL, ICGC, and HMF cohorts. Not all tumor types (e.g., esophagus, head and 
neck, oropharyngeal) are represented in all three cohorts. (C) Schematic 
representation of the workflow of mutational signature analysis. Three cohorts (GEL, 
ICGC, and HMF) were evaluated independently. For each organ in each cohort, 
mutational catalogs were clustered and samples with atypical catalogs were 
excluded from the extraction process. Samples with similar catalogs were subjected 
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Reference 


Signatures 
(120 SBS 
signatures) 


82 QC green SBS signatures 38 QC amber and red SBS signatures 


to signature extraction to obtain a set of common organ-specific signatures. These 
common signatures were fitted into all samples, highlighting samples with a high 
error profile that were subsequently used to identify rare signatures. The pie 

chart shows the total number of SBS signatures identified for each independent 
extraction of each organ in all three cohorts. (D) Number of common and rare SBS 
signatures in each cohort. (E) Common SBS signatures as a function of number 
of samples analyzed. (F) Rare SBS signatures as a function of number of samples 
analyzed. (G) Procedure to determine the reference signatures from all identified 
cohort-organ signatures. Numbers refer to the SBS signature analysis. For details, 
see materials and methods. 
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from the same organ in different cohorts were 
more similar to each other than to those in other 
tissue types, providing reassuring evidence that 
mutational signatures in each organ are highly 
reproducible, have tissue specificities, and were 
detectable regardless of sequencing platform 
or mutation-calling algorithm (fig. $2). 

The number of common signatures in each 
organ is usually limited (between 5 and 10 for 
SBSs) and is independent of the number of 
samples analyzed per organ (Fig. 1, D and E; 
fig. S3, A and B; and tables S11 and S12). By 
contrast, the number of rare signatures varies 
and is highly correlated with the number of 
samples analyzed (Fig. 1F and fig. S3C). This 
illuminates why ubiquitous, organ-specific sig- 
natures are detectable even with limited num- 
bers of whole genomes, whereas sporadic, rare 
signatures are more likely to be detected with 
increased sample size. 


Reference mutational signatures 


Biologically, the same mutational processes 
could underpin signatures extracted from dif- 
ferent tumor types. Thus, we considered all 
common and rare GEL, ICGC, and HMF tissue- 
specific signatures together, involving 18,640 
whole-genome-sequenced cancer samples 
(Fig. 1G and materials and methods), and 
performed a clustering analysis to derive a set 
of reference signatures. First, we identified clus- 
ters of highly similar patterns that we termed 
“distinct patterns” (tables S13 to S16). Each 
distinct pattern could be (i) a true signature, 
thus observable in independent extractions of 
diverse organs and cohorts (recurrent pat- 
tern); (ii) a mix of other signatures (mixed 
pattern); or (iii) a pattern seen in only one ex- 
traction (singleton pattern) (Fig. 1G and tables 
S17 and S18). Next, we determined a minimal 
set of reference signatures, which were classi- 
fied as quality control (QC) green, amber, or 
red (green implies high-confidence signatures 
observed in multiple independent extractions; 
amber and red signatures were observed only 
once or were possible mathematical artifacts) 
(Fig. 1G and tables S19 to S22). In all, we iden- 
tified 82 SBS and 27 DBS high-quality sig- 
natures (figs. S4 to S6). Henceforth, we will 
discuss only the high-quality QC green sig- 
natures, although all signatures are available 
for reference in the supplementary materials 
(tables S19 and S20). 

Reference signatures were compared and 
matched with Catalogue of Somatic Mutations 
in Cancer (COSMIC) mutational signatures 
(14), confirming 42 and 9 previously described 
COSMIC SBS and DBS signatures, respectively 
(Fig. 2, A and B; figs. S3, D to G, S4, and S6A; 
and table S19). We found 40 previously un- 
reported high-confidence SBS signatures and 
18 previously unreported DBS signatures in 
this analysis (figs. S5 and S6B). Consistent 
with prior nomenclature (/4), these SBS sig- 


Degasperi et al., Science 376, eabl9283 (2022) 


natures have been numbered from 95 onward 
and the DBS signatures from 12 onward (table 
S19). Note that COSMIC and/or reference sig- 
natures are a simplified means of discussing 
signatures that are mutually present across 
tissues. However, they are purely mathematical 
constructs—an averaged result across differ- 
ent organs—and thus organ-specific signatures 
are more likely to be accurate biological rep- 
resentations of the mutational processes that 
occur within a tissue. We also provide the 
numbers of mutations associated with each 
reference signature per sample (tables S23 and 
$24) and matrices to map each reference sig- 
nature to organ-specific signatures (tables S25 
and 826) for SBSs and DBSs, respectively. 


Previously unreported mutational signatures 
Single-base substitution signatures 


We note four previously unreported and five 
recently reported (15-17) signatures that are 
common, recurring in many samples of multi- 
ple tumor types in all three cohorts (GEL, 
ICGC, and HMF), and detectable because of 
the scale of this analysis (Fig. 2C). Among the 
previously unreported signatures, SBS107 is 
dominated by C>A variants and reported con- 
sistently in kidney and bladder cancers, sug- 
gestive of an organ-specific process. SBS100 
bears similarities to the APOBEC signature 
SBS2; however, it presents a taller TCC>TTC 
peak (underlines indicate mutated bases) and 
additional context-independent C>T mutations. 
SBSI110 has the tallest T>A peak at CTG>CAG, 
with contributions from T>C at ATA and ATG. 
The preponderance in the liver and biliary 
tract would suggest a compound that is likely 
cleared through the hepatobiliary system. 
SBS121 is characterized by C>G variants mostly 
at ACT and TCT contexts, shows replication 
strand bias (RSB), and is found mostly in co- 
lorectal and stomach cancers. We also confirm 
the recently reported SBS92 (15), SBS93, SBS94 
(16), SBS125, and SBS127 [RefSig N12 and N1, 
respectively (77)]. 

Three signatures occurred frequently in spe- 
cific tumor types (Fig. 2D): SBS120 dominated 
by T>C mutations at ATN and a distinctive 
peak of C>T at GCG, seen in 75% of CNS can- 
cers; SBS122 characterized by T>C mutations 
in general but primarily TIN, in 67% of sarco- 
mas; and SBS101 defined by C>T variants, in 
68% of lymphoid cancers. 

Thirty-one additional rare, previously un- 
reported signatures of high confidence were 
present in <1% of samples (Fig. 2E). We dis- 
cuss several in detail in relevant sections be- 
low and, for brevity, tabulate most of them in 
table S19 (associated information, such as 
transcriptional and replication strand asym- 
metries, is included there). All mutational sig- 
nature data can also be viewed at our website, 
Signal: https://signal.mutationalsignatures. 


com/explore/study/6. 
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Double- and triple-base substitution signatures 
We adopted similar principles to identify 39 DBSs, 
including 27 of high confidence (materials and 
methods, table S20, and fig. S6). We performed 
three additional evaluations: First, we curated 
dinucleotides for each DBS signature in the 
GEL dataset to check that they were in cis (i.e., 
on the same DNA strand). Second, for a DBS 
signature that was correlated with an SBS sig- 
nature, an in silico analysis was performed to 
assess whether the DBS pattern could be ex- 
pected given the SBS pattern (materials and 
methods). Third, we investigated up to 10 nu- 
cleotides (nt) of mutational context of relevant 
dinucleotides for each DBS signature. These 
assessments were critical in refuting several 
DBS signatures as being simply due to chance, 
as described below. 

Of 11 previously described COSMIC DBS sig- 
natures (/4), we identified 9 and were unable 
to extract DBS6 or DBS9 (Fig. 3A and figs. $3, 
F and G, and S6A). Of our 27 high-confidence 
DBS signatures, 17 had bona fide dinucleotides 
in cis. We confirmed previously reported sig- 
natures and their associated etiologies: DBS1 
[ultraviolet (UV) light], DBS2 (smoking), DBS5 
(platinum therapy), and DBS (associated with 
APOBEC; here verified as APOBEC-induced 
given the 10-nt sequence context analysis show- 
ing a TpCC preponderance) (Fig. 3B). DBS7 
was previously reported as associated with 
MMR defects (74), whereas we find associations 
with SBS17 instead (fig. S7A). DBS8, mostly in 
colorectal cancer, showed dinucleotide var- 
iants often preceded by cytosine and followed 
by adenine (fig. S7, B and C). 

We confirm that DBS5 and DBS18 are asso- 
ciated with prior platinum exposure (78). Muta- 
tional context analysis indicates that these are 
distinct signatures: DBS5 has the tallest peak of 
CT>AA mutations without preference in flank- 
ing sequences, whereas DBS18 has the tallest 
peak of CT>AC mutations, in which the di- 
nucleotide is always preceded by cytosine 
(fig. S7D). Both signatures have a TG>GT 
peak most frequently followed by guanine (fig. 
S87, E and F). 

DBS13 and DBS20 were low-burden signa- 
tures that appear to correlate with each other 
and SBS8 (Fig. 3, C and D). DBS16 was asso- 
ciated with SBS10d (Fig. 3C), a hypermutator 
signature recently reported as due to polymer- 
ase 6 (POLD) dysfunction (19). DBS22 is not 
associated with very prominent peaks (high- 
est probabilities only 7%). However, it appears 
to be correlated with SBS9 and is seen only in 
lymphoid cancers (Fig. 3, C and D). DBS26 is 
similar to DBS7 and correlates with SBS17 in 
esophageal and stomach cancers (Fig. 3, C and 
D). DBS30 was observed in one lymphoid can- 
cer sample and may be related to treatment 
(fig. S6B). 

DBS25 is characterized by an excess of 
TT>AA that, on inspection, reveals a triple-base 
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Fig. 2. SBS signatures across 18,640 whole-genome-sequenced cancers. 

(A) Frequency of SBS signatures in the present study. Orange bars highlight 

42 signatures reported in this study and present in COSMIC v3.2; blue bars highlight 
40 previously unreported signatures found in the present analysis. (B) Same 
information as in (A), with a log scale on the y axis. (€) Four previously unreported 


substitution (TBS) signature. Exploring all 
triple-base possibilities, we obtain an 864- 
channel profile that systematically reports an 
excess of TTT>AAA followed by TTT>GAA, 
TTT>CAA, and minor contributions of TTG>AAA 
and TTC>AAA. We propose that this is called 
TBS1 (Fig. 3E and table $27). However, the 
numbers of mutations and implicated samples 
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Replication strand bias 


are too low to perform a formal mutational 
signature analysis. 

Our curation steps uncovered several DBS 
signatures, including previously reported ones, 
that comprise adjacent substitutions that are 
not in cis and are simply the mathematical 
outcome of an associated SBS hypermutator 
(fig. S8). For example, DBS3 and DBS10 were 
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(SBS107, SBS1O0, SBS110, and SBS121) and five recently reported (SBS92, SBS93, 
SBS94, SBS125, and SBS127) common SBS signatures found in many organ systems. 
(D) Previously unreported common SBS signatures found in single organs only. 

(E) A few examples of previously unreported rare signatures. SBS signatures can be 
viewed at https://signal.mutationalsignatures.com/explore/study/6?mutationType=l. 


similar and correlated with polymerase e 
(POLE)-attributed SBS10a (fig. S8, A to C). In 
silico analysis showed that a DBS pattern that 
recapitulates DBS3 and DBS1O could be repro- 
duced from hypermutated samples of SBS10a 
(fig. S8D). The alleged double substitutions 
were not, in fact, in cis. Similarly, DBS12 (asso- 
ciated with SBS105), DBS14 (associated with 
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srmaaa GEL-2136826-11 (282 TNVs) 


TTT>GAA 


TIT 
CAA 


Fig. 3. DBS signatures across the cohort. (A) Frequency of DBS signatures in 
the present study. (B) Flanking sequence context surrounding mutated 
dinucleotides of DBS11, which is correlated with APOBEC-related SBS2, to 
demonstrate a preference for the TpCCpN context, similar to the TpCpN 
sequence predilection of APOBECs. (C) Correlation of DBSs with SBS exposures 
across cohorts. Numbers in each column report the number of organs implicated 
in the correlative analyses. A correlation is computed independently for each 


SBS14), DBS29 (associated with SBS20), and 
DBS37 (associated with SBS26) could all be gen- 
erated mathematically from their associated 
SBS signatures (fig. S8, E to H), indicating that 
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Examples of samples with TBS signatures (DBS25) 


faff4626-615b-416a—b7a6-9d177dcc94a9 (62 TNVs) 


TTT>AAA 
15 


TIT 


CAA 
TTT>GAA 


TTG>AAA 


“i | 


0 nm FF oun 


DBS signatures identified in 


these were not true dinucleotides but simply 
single-nucleotide variants occurring next to 
each other by chance. One exception, DBS24— 
associated with SBS90, attributed to duocarmy- 
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sreaaa  ©PCT02050104T (182 TNVs) 


TTT>GAA 
TIT 
CAA 


TTG>AAA 


organ. Correlations are displayed as a box plots, which denote median (horizontal 
line) and 25th to 75th percenti 
15 times the interquartile range (1.5 x IQR). (D) Examples of previously unreported 
DBS signatures. (E) Samples with TBS1. The total numbers of samples and triple- 

nucleotide variants are too low to perform a formal mutational signature analysis. All 


les (boxes). The lower and upper whiskers span 


the present study can be viewed at https://signal. 


mutationalsignatures.com/explore/study/6?mutationType=2. 


cin exposure—has a pattern that can be mostly 
recapitulated by simulation of SBS90, apart from 
the CT>AA component (fig. S8I). Three sig- 
natures (DBS23, DBS32, and DBS35) were not 


5 of 15 


RESEARCH | RESEARCH ARTICLE 


in the GEL cohort and could not be curated, 
owing to a lack of access to sequencing data. 


Contrasting previously unreported 
signatures with previously reported 
endogenous processes 

Deamination and amplified deamination 


Pervasive patterns of deamination are widely 
observed in malignant and nonmalignant tis- 
sues. SBS1, characterized by C>T mutations at 
CpG, is due to deamination of methylcyto- 
sine, whereas SBS2 and SBS13 are due to 
APOBEC-related deamination. Both are likely 
physiological: SBS1 occurs by natural hydro- 
lytic processes, whereas SBS2 and SBS13 arise 
through transient single-stranded DNA avail- 
ability (20). 

Two rare signatures also characterized by 
C>T transitions at CpG are SBS96 and SBS95, 
differing by their ability to demonstrate 
marked hypermutator phenotypes and rela- 
tive C>T peak heights (Fig. 4, A and B). SBS96, 
present in 18 of 12,222 GEL samples [0.15%, 
table S23; reported as due to inherited and/ 
or acquired mutations in MBD4 (21)], has 
C>T at ACG as its tallest peak. We identified 
germline-truncating MBD4 mutations with 
loss of heterozygosity (LOH) of the alterna- 
tive allele to explain 12 of 18 samples (6 of 
10 patients) with SBS96 (table S28 and Fig. 4). 
MBD4 germline variants were also seen in 
35 other GEL patients, yet SBS96 was not ob- 
served in their tumors because the wild-type 
parental allele was intact in all assessable 
cases. Notably, SBS96 was observed in ex- 
tremely rare cancers such as myxofibrosarcomas 
and uveal melanoma. SBS95 is distinguishable 
from SBS96 by having its tallest peak at CCG 
and by exhibiting transcriptional strand bias 
(TSB). SBS95 occurred in a lymphoid and a 
stomach cancer in the GEL cohort and one head 
and neck cancer in the ICGC cohort (table 
$23). None had MBD4 mutations. The cause 
for SBS95 remains unclear. 

Two signatures were characterized by C>N 
at CpG (Fig. 4A). SBS87 (22), with its tallest 
peak at CCG, was observed in one breast can- 
cer. A related signature with C>N at all CpGs, 
SBS105, was reported in one breast and one 
bladder cancer in the GEL dataset. Although 
we have not found a cause for SBS105, it is 
associated with DBS12, a mathematical out- 
come of a high rate of SBS105 (fig. S8E), and 
does not exhibit TSB. Mechanistically, SBS105 
would require deamination at CpGs followed 
by generic misincorporation during DNA re- 
plication and/or repair, not limited to the A 
rule (23), to generate this pattern. 

Even though all of these signatures occur at 
CpGs, they have distinguishing characteristics. 
Discriminating MBD4-related SBS96 is par- 
ticularly important given reports that such 
tumors have sensitivities to checkpoint thera- 
pies (24). 
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DNA repair deficiency phenomena 

A multitude of DNA repair genes and proteins 
serve as guardians of the genome (25). If com- 
promised, they can result in mutational pat- 
terns in human cells. 


Compromised components of base 
excision repair 


SBS18 was previously described in neuroblas- 
tomas and adrenocortical cancers (5, 26). Sub- 
sequently, a hypermutated version of a signature 
similar to SBS18 was described in tumors from 
patients with biallelic mutations in MUTYH, a 
gene that encodes a base excision repair (BER) 
protein (MUTYH glycosylase) that corrects 
oxidative damage (27). Recently, it was dem- 
onstrated that OGGI1 (8-oxo-guanine glycosy- 
lase) loss produces a phenocopy of SBS18 and 
that signatures defined by tall peaks at C>A at 
GCA, ACA, GCT, and TCT are due to an excess 
of 8-oxo-dG (25). Signature SBS108 resembles 
SBS18 and could be due to 8-oxo-dG (25), al- 
though it has differences such as inclusion of 
the tallest C>A peak at GCA instead of TCT 
(Fig. 4D). Notably, three GEL patients who 
have tumors with SBS108 carried a germline 
polymorphism in OGGI (rs113561019 p.G308E) 
that has been reported as a risk allele in 
microsatellite-stable hereditary nonpolyposis 
colorectal cancer (28). We assessed the back- 
ground frequency of this allele and found it 
present in 98 individuals (0.85%, table S28). 
Fifteen patients had tumors estimated as ho- 
mozygous for the rs113561019 allele, including 
the 3 with SBS108 and 12 additional samples. 
It is possible that the presence of other strong 
signatures encumbered the detection of SBS108 
in these cases. 

Seven samples from six patients carried 
SBS30 associated with variants in NTHL1, 
another BER glycosylase (Fig. 4E and tables 
$29 and S30). Two cases had germline non- 
sense NTHLI mutations with associated loss 
of the wild-type parental allele. Three cases 
had somatic rearrangements that resulted in 
deletion of large sections of the gene. One of 
the three, the ovarian cancer GEL-2126555-11, 
had a mixed phenotype of SBS30 and features 
of BRCA2 loss and carried a germline BRCA2 
frameshift mutation that creates deletion sig- 
natures. This case also had two somatic dele- 
tions that affect NTHL1. 


Mismatch repair and 
polymerase abnormalities 


Replication of the nuclear genome occurs with 
high fidelity because of postreplicative mis- 
match repair (MMR) activity and proofreading 
capacity of DNA polymerases—particularly 
POLE and POLD. Unsurprisingly, MMR path- 
way defects and selected mutations in poly- 
merases cause high rates of mutagenesis. 
We confirm four previously reported MMR 
deficiency (MMRdQ) signatures: SBS6, SBS15, 
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SBS26, and SBS44 (Fig. 4, F and G). As noted 
previously (5, 9, 14), we find a particular en- 
richment of mutations in MMR genes (MLH1, 
MSH2, and MSH6) in SBS6, SBS15, and SBS44, 
many of which exhibit loss of the alternative 
parental allele as well (Fig. 4H and tables S29 
and S30). In SBS26, previously shown to be 
identical to signatures of human knockouts 
of PMS2 (25), we indeed identified 14 PMS2- 
inactivating mutations (10 germline and 4 so- 
matic, 7 of 14 biallelic) in 23 samples from 22 
patients (Fig. 4H and tables $29 and S30). 
Some caution should be exercised in interpret- 
ing somatic mutations in cancers with high 
burdens of substitutions or indels, as these 
could be chance events. Regardless, it is note- 
worthy that a genetic driver cannot be iden- 
tified for approximately one of every two 
cancers with MMRd signatures. Methylation 
data are not available for assessment. 

In addition, we confirm that SBS10a is as- 
sociated with POLE dysregulation. All 65 GEL 
samples with SBS10a had POLE mutations con- 
sistent with proofreading dysfunction (Fig. 4H 
and tables S29 and S30). We also confirm that 
two of five GEL samples with SBS10d carried 
the previously reported POLDI exonuclease do- 
main mutation p.(Asp316Asn) (29). Here we 
report an identical p.(Asp903Tyr) mutation in 
DNA polymerase domain B in the remaining 
three samples. 

Two signatures—SBS14 (MMRd and POLE 
dysfunction) and SBS20 (MMRd and POLD 
dysfunction)—were previously attributed to a 
mixed phenotype of MMRd and polymerase 
mutants (29). Of 14 samples with SBS14, 13 
had potential POLE drivers (four established 
and nine putative; tables S29 and S30). Of the 
same 14 samples, 11 also had truncating mu- 
tations in MMR genes (MSH6, MSH2, MLH1, 
or PMS2; 3 germline and 15 somatic muta- 
tions), but only 6 appeared to be inactivated 
on both parental alleles. Similarly, of eight 
samples with SBS20, four had missense drivers 
in POLDI (one germline and four somatic). 
Seven of the eight also had inactivating muta- 
tions in MSH6 or MSH2 [germline (n = 4) 
and/or somatic (n = 7)], six of which showed 
biallelic inactivation. Again, all of these tu- 
mors had high mutation burdens; thus, some 
mutations could be chance events due to high 
MMRd mutation rates. Moreover, elevated 
mutation rates of MMRd signatures cause a 
high likelihood of substitutions occurring ad- 
jacent to each other, falsely creating DBS pat- 
terns DBS14, DBS29, and DBS37 (fig. S8, F to H). 

Lastly, we identify a signature with a de- 
fined C>T peak at GCG, SBS97, most closely 
resembling SBS15; however, it can be distin- 
guished from SBS15 by strong T>C at GTC and 
T>G at GIT trinucleotides (Fig. 4F). Observed 
in just three colorectal cancers in the GEL 
dataset and five in the HMF dataset, SBS97 is 
rare and has a strong hypermutator phenotype 
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Fig. 4. Signatures associated with endogenous mutational processes. (A) Five 
signatures characterized by substitutions at NCG nucleotides are contrasted with each 
other. SBS profiles are shown, along with prevalence of signatures across three cohorts 
(GEL, ICGC, and HMF), TSB, and RSB. (B) Mutation burdens associated with each 
signature in all tumor types. SBS1 is common and seen in all cohorts in many tumor types. 
SBS95, SBS96, SBS87, and SBS105 are rare and associated with a higher mutation 
burden than that of SBS1. The y axis shows the mutation count on a log scale. Summaries 
comparing signatures in etiological groupings can be found at https://signal. 
mutationalsignatures.com/explore/study/6. (C) SBS96 signature and prevalence among 
samples in the three cohorts. The Venn diagram illustrates the number of patients in 
the GEL cohort with SBS96 and biallelic loss of MBD4. (D) SBS108 signature and 
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other 


prevalence among samples in the three cohorts. The Venn diagram illustrates the number 
of patients in the GEL cohort with SBS108 and a biallelic OGG Gly*°°-Glu mutation. 

(E) SBS30 signature and prevalence among samples in the three cohorts. The Venn 
diagram illustrates the number of patients in the GEL cohort with SBS30 and biallelic loss 
of NTHLI. Only samples with SBS30 were inspected for NTHL1 mutations. (F) SBSs 
associated with MMR and POLE and POLD gene defects. (G) Proportion of samples across 
GEL organs with signatures related to MMR or POLE and POLD defects or with high 
HRDetect scores. (H) Proportion of samples with MMR biallelic loss and/or POLE and 
POLD dysregulation in each group of samples presenting an SBS mutational signature in 
(F). (I) Proportion of HRDetect-high samples with biallelic loss in genes linked to 
homologous recombination repair. Numbers in parentheses indicate numbers of samples. 
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[29 to 65 substitutions per megabase (subs/ 
Mb)] and an even higher indel rate (67 to 
99 indels/Mb). All three GEL cases also have 
considerable structural variation (0.02 to 
0.05 variations/Mb), revealing that chromoso- 
mal instability and microsatellite instability are 
not mutually exclusive in colorectal cancer. No 
causative drivers have been confirmed to date. 

In all, MMRd and polymerase-dysregulated 
signatures are prominent in colorectal (413 of 
2348, ~18%) and uterine (258 of 713, 36%) can- 
cers in the GEL cohort (Fig. 4D). Sporadic in- 
cidences of MMRd occurred in stomach (11), 
prostate (3), pancreas (1), ovary (18), NETs (2), 
lung (8), kidney (9), oropharyngeal (1), CNS 
(3), breast (14), sarcoma (16), and bladder (3) 
cancers (total 89 of 9161, <1% total), with clin- 
ical implications. 


Compromised components of 
double-strand break repair 


SBS3 was previously shown to distinguish BRCAI- 
and BRCA2-null cancers from sporadic breast 
cancers (6). SBS8 is increased in BRCAI- and 
BRCA2-null cancers (9). We applied a previously 
developed algorithm, HRDetect (17, 30), de- 
signed to detect tumors with BRCA1- and 
BRCA2-compromised double-strand break 
repair, to the GEL cohort (Fig. 4G, fig. S9, 
and table S31). The prevalence of HRDetect 
high scores (5th- to 95th-percentile confidence 
interval above 0.5) was variable within each 
tumor type. More than 30% of all ovarian can- 
cers had high HRDetect scores; ~11% of breast 
cancers (predominantly estrogen receptor- 
positive cancers), ~7% of pancreatic cancers, 
~4% of uterine cancers, 1.6% of lung cancers, 
~1% of stomach cancer, and <1% of prostate, 
bone, and colorectal cancers also had high 
scores. The causes of high HRDetect scores 
were identified in 231 of 493 individuals 
(47%, biallelic loss confirmed in 40%; Fig. 41 
and tables S29 and S30) and included germ- 
line and somatic mutations in BRCAI, BRCA2, 
PALB2, RADS5IC, and RAD5ID, as described 
previously (6, 9, 31, 32). Promoter hypermethyl- 
ation data were not available. 


Environmental sources of mutational signatures 
UV-like C>N signatures at CCN and TCN 


We reinforce SBS7a (defined by C>T at CCN 
and TCN) in skin tumors with associated DBS1 
characterized by CC>TT dinucleotides (33) 
(Fig. 5, A and B). However, we highlight three 
signatures that occurred at similar trinucleo- 
tides (CCN and TCN) and that could be mis- 
interpreted as related to UV light exposure but 
may be due to alternative etiologies. 

SBS129, observed once in a nodular malig- 
nant melanoma (GEL-2501934-11) and once in 
a leiomyosarcoma (GEL-2300438-11), is char- 
acterized by C>T transitions at CCN trinucleo- 
tides (particularly CCA and CCT) but not TCN 
trinucleotides (Fig. 5A). It is distinguishable 
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from SBS7a by its rarity and lack of CC>TT 
dinucleotides. However, like SBS7a, SBS129 
presents transcriptional strand asymmetry 
with excess C>T mutations on the nontran- 
scribed strand. Apart from somatic TP53 mu- 
tations, no other potential genetic associations 
have been identified. 

SBS38 is identical in its trinucleotide pre- 
ponderance to SBS129, except it results in C>A 
transversions instead (Fig. 5A). Although this 
signature has been reported before (/4), it is 
rare, and its etiology is unknown. Here, we 
identify it in 30 cancers (29 skin, 1 lung; table 
$23) in the GEL cohort and note that it can 
either be a dominating phenotype or occur in 
combination with SBS7a, SBS17, and SBS18. 
Notably, among the samples affected by 
SBS38, we found all three anorectal mucosal 
cancers—which are aggressive, unusual muco- 
sal melanocytic cancers—in the GEL cohort. 
The occurrence of the uncommon signature 
SBS38 in a very rare tumor type hints at a 
germline genetic predisposition, yet we have 
not been able to identify a causative gene. 
Minor TSB is noted with more mutations on 
the transcribed strand for C>A mutations. 

Lastly, SBS137 was observed twice in GEL 
brain cancers (table $23) and would super- 
ficially seem highly similar to UV-associated 
signatures (Fig. 5A). Critically, affected tumors 
do not have a CC>TT DBS signature (Fig. 5B) 
and demonstrate TSB in the opposite direc- 
tion of that associated with exposure to UV 
light (table S32), with an excess of C>T mu- 
tations on the transcribed strand (likely repre- 
senting an excess of G>A on the nontranscribed 
strand). The tallest peak of SBS137 is at CCC, 
unlike the most prominent SBS7a peak at TCC. 
By contrast, the classic appearance of SBS7a 
and DBS1 is observed in a metastatic CNS le- 
sion derived from a cutaneous primary can- 
cer (GEL-2906789-11), which suggests that 
SBS137 is a distinct signature of currently 
uncertain cause. 


Aristolochic acid exposure and similar patterns 


SBS22 is due to exposure to aristolochic acid 
(AAD (33) (Fig. 5C). In the GEL dataset, all 
three renal cancers with SBS22 were from 
patients who reported ethnic-minority ances- 
try. None reported past exposure to AAI. 

We noted that SBS113 is similar to SBS22; 
has tall peaks in T>A with additional contri- 
butions from T>C at GTN; and is seen in one 
CNS (GEL-2585923-11), one colorectal (GEL- 
2282347-11), and one lung (GEL-2158956-11) 
cancer. There is no history of exposure to AAI 
in these patients, although all three patients 
had complex therapeutic histories, including 
extensive exposure to psychotropic drugs and 
antiepileptics. 

In previous work, alternative compounds 
from unrelated chemical families [specifically 
dibenzo[a,l]pyrene (DBP) and its diol epoxide 
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(DBPDE) from the polycyclic aromatic hydro- 
carbons family in tobacco smoke] that caused 
bulky adducts on adenines similar to AAI were 
capable of generating signatures nearly iden- 
tical to those associated with AAI (33). Thus, 
given its similarities to SBS22, SBS113 may rep- 
resent mutational processes with alternative 
etiologies that also cause adducted adenines. 


Platinum exposure 


SBS31 is associated with prior platinum expo- 
sure (34) (Fig. 5D). This signature—characterized 
by C>T peaks at CCC and CCT; C>A peaks at 
ACC, CCT, and GCC; and a modest T>A peak 
at CTN—has previously been demonstrated ex- 
perimentally in a human cell line model (33). 

SBS35 is similar to SBS31, though it has 
smaller contributions at all trinucleotides (74). 
SBS104 may be related to SBS31, as it shows 
C>A peaks at CCC and CCT and was found in 
two HMF metastatic samples that had expo- 
sure to platinum. Two additional signatures, 
SBS111 and SBS112, have the components seen 
in SBS31, albeit with additional features, par- 
ticularly in C>A and noisier C>T components. 
Clinical histories of the patients carrying these 
signatures reveal that all had past diagnoses 
of primary malignant neoplasms of the ovary, 
stomach, esophagus, or breast, or of non- 
Hodgkin’s lymphoma, and presented with sec- 
ondary or new primary malignancies. All 
patients had complex chemotherapy that in- 
volved exposure to platinum. Perhaps these 
signatures are complex outcomes of multiple 
treatments and immune modulation on the 
genome of the tumor samples isolated for se- 
quencing. Two DBS platinum signatures (DBS5 
and DBS18) are also associated with these SBS 
signatures (Fig. 5E). 


Tobacco-related signatures and others with 
similar C>A components 


SBS4, associated with tobacco smoke exposure 
(33) (Fig. 5F), is seen mainly in lung cancers 
(at high levels of ~90 subs/Mb). SBS4 is noted 
very rarely in other tumor types (table $23): It 
was observed in just one breast cancer (GEL- 
2791664-11), one colorectal lesion noted to be 
metastatic (GEL-2842602-11), one diffuse astro- 
cytoma (GEL-2645293-11), and two CNS lesions 
of unknown primary origin (GEL-2860373-11 
and GEL-2500813-11). The presence of SBS4 
is supported by DBS2 (Fig. 5G) and TSB in 
all of these cases and probably indicates 
metastatic lesions of primary lung cancer 
in these instances. 

Two signatures that have similarities to 
SBS4 are SBS94 and SBS109 (Fig. 5F). SBS94 
is characterized by C>A mutations with the 
tallest peak at CCC followed by CCA. In colon 
(nine cases) and breast (one case) cancers, 
this signature does not have a hypermutator 
phenotype nor an associated DBS, but TSB 
and RSB are noted for C>A variants (table S19). 
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6 subs/Mb) across many samples of these tu- 
mor types. It is a common signature in kid- 
ney and bladder cancers (1461/1704) and is 
akin to SBS109 but with additional contribu- 
tions at NCC. 

Multiple signatures have been attributed to 
environmental exposures, but we will not ex- 
amine all of them. Signature not discussed 
here include SBS11 (associated with alkylation 
on a mismatch repair-deficient background), 
SBS90 (associated with duocarmycin), and 
SBS88 (reported as due to colibactin produced 
by pks*E. coli infection) (35, 36). 


Future use of mutational signatures 


The ever-increasing number of mutational sig- 
natures presents the challenge of using muta- 
tional signature analysis in practice, whether 
in a new study of aggregated samples or for 
individual patients. To address this obstacle, we 
acknowledge that most nonexpert users will 
aim to understand which mutational signatures 
are present in a new set of patient samples that 
are often tissue specific. This “signature-fitting” 
process will require users to ask which pre- 
defined signatures of a circumscribed set are 
present in their samples. To explore how to 
better perform this fitting process, we first con- 
sider mutational signatures per tumor type, 
using CNS tumors from the GEL cohort (Fig. 6) 
as an example. Additional per tumor signature 
summaries can be found in figs. S10 to S51 and 
at https://signal.mutationalsignatures.com/ 
explore/study/6. 


Per-tumor-type summaries 


A total of 809 whole-genome-sequenced CNS 
tumors have been evaluated. In the GEL data- 
set, 6% of CNS tumors have rare signatures 
(Fig. 6, A and B). Previously reported common 
signatures in the GEL CNS cohort include 
age-associated SBS1 and SBS5, HR-deficiency- 
related SBS3 and SBS8. A previously unreported 
common signature, SBS120, is present in many 
CNS tumors at a low to moderate mutation rate 
(Fig. 6C). Common CNS signatures exhibit clear 
and reproducible tissue specificity (fig. S52). 
Previously reported rare signatures observed 
in the GEL CNS cohort include APOBEC sig- 
natures SBS2 and SBS13, SBS17 of unknown 
etiology, SBSI1 due to temozolomide on an 
MME-deficient genetic background, and MMRd 
signatures (SBS14) (Fig. 6D). We noted rare 
occurrences of tobacco-related SBS4 and UV- 
induced SBS7a in metastatic lesions. 

We also identified several previously un- 
reported rare signatures in CNS tumors (Fig. 
6E). These include the aforementioned signa- 
ture SBS113, which has similarities to AAI- 
related SBS22. SBS121, defined by C>G at ACT 
and TCT, is common in colorectal and stomach 
cancers but seen in only three CNS tumors, and 
its etiology is unknown. SBS119 is present in a 
single CNS tumor as a hypermutator pheno- 
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type (28 subs/Mb) in the GEL cohort and in 
two CNS tumors in the HMF cohort. Lastly, 
SBS137 is distinct from signatures associated 
with UV exposure, has no DBS despite a high 
mutational burden, and is CNS specific and rare. 
DBS1 and DBS2 are associated with expo- 
sure to UV light and tobacco smoke, respec- 
tively, and are seen in the samples with SBS7a 
and SBS4. Three previously unreported DBS sig- 
natures are observed (Fig. 6F): DBS13 and 
DBS20 are relatively common, whereas DBS14 
is rare and is due to the high mutational burden 
of MMRd-associated signature SBS14 (fig. S8F). 
Reassuringly, common signatures are preva- 
lent in all three cohorts (GEL, ICGC, and HMF) 
(Fig. 6, G and H), whereas the presence of rare 
signatures is a function of the size of the ex- 
amined cohort. In all, this example highlights 
the landscape of common and rare signatures 
in this tumor type (Fig. 6G) and provides pointers 
regarding how to pragmatically use mutational 
signatures for signature fitting of new samples. 


Fitting signatures: FitMS 


Cancer samples have a median of five common 
signatures; when rare signatures are present, 
there is usually only one instance per sample 
(fig. S53, A and B). Learning from these results, 
we developed a signature-fitting algorithm, Sig- 
nature Fit Multi-Step (FitMS) (fig. S53C), 
which first estimates the presence of tissue- 
relevant common signatures and then attempts 
to identify additional rare signatures in a sec- 
ond step, assuming that only one or two rare 
signatures may be present. 

To evaluate the performance of FitMS, we 
performed a simulation study in which each 
simulated sample comprised five organ-specific 
common signatures and some samples carried 
one rare signature (materials and methods). 
We contrasted three strategies: (i) fitting all 
common and rare signatures together in a 
single step (fit all); (ii) a two-step method fit- 
ting common signatures using a constraint of 
positive residuals that are matched to rare sig- 
natures in the second step (constrainedFit); 
and (iii) a two-step method fitting common 
signatures, followed by the addition of rare 
signatures one at a time to achieve a reduction in 
the residual between true and modeled catalogs 
(errorReduction). The two-step errorReduction 
FitMS strategy demonstrated superior perfor- 
mance (fig. S53, D to F), improving the fit of 
common and rare signatures better than the 
constrainedFit or fit all approaches. Moreover, 
using organ-specific common signatures rather 
than corresponding reference signatures im- 
proved the accuracy of signature assignment 
(fig. S53, G to I). 

Therefore, for practical purposes, to assess 
which signatures are present in any new sam- 
ple or set of samples, we recommend this two- 
step process (Fig. 7): first fitting common 
organ-specific signatures followed by a search 
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for rare signatures, which can be achieved 
using FitMS. 


Discussion 


We report a comprehensive SBS and DBS sig- 
natures analysis of a large cohort of 18,640 
whole-genome-sequenced tumors. Notably, 
most of these samples were from patients re- 
cruited via the UK NHS (12,222) from across 
England, and the availability of open-access 
WGS cancer data from ICGC and HMF were 
crucial for validation of findings. In all, 40 SBS 
and 18 DBS signatures that had not been pre- 
viously reported were revealed as a result of 
the increase in WGS cohort size. We were also 
able to confirm 42 previously reported SBS 
signatures and 9 previous DBS signatures. We 
introduce the notion of common and rare sig- 
natures for each tumor type and observe that 
although the cohort of whole-genome-sequenced 
cancers has increased substantially, most of 
the common signatures have been identi- 
fied, and many of the previously unreported 
signatures are low-frequency, rare processes. 
The landscape of signatures is thus likely to be 
saturating. 

The power to accurately discern mutational 
signatures with a pure WGS dataset is orders 
of magnitude greater than that obtained by 
means of other sequencing strategies. The 
genomic footprint for whole-exome sequenc- 
ing (WES) is 100-fold lower and is 2000- to 
4000-fold lower in targeted sequencing (TS) 
experiments. Analyzing only whole-genome- 
sequenced cancers rather than pooling data 
from diverse sequencing strategies also avoids 
issues related to differing AT or GC represen- 
tation in WES or TS data, which influence sig- 
nature extractions. 

Methodologically, several points are note- 
worthy. First, grouping samples by organs and 
focusing on common mutational profiles has 
produced signatures that are highly reprodu- 
cible across cohorts. Removing atypical sam- 
ples in the first extraction step is especially 
important for large cohorts, in which very rare 
signatures may be present and could interfere 
with the accurate identification of common 
signatures. Second, the use of three large inde- 
pendent cohorts is crucial for validation of 
signatures found in single organs, such as 
SBS120, and that could otherwise be mistaken 
for other signatures or considered artifactual. 
Third, although some signatures may have 
96-element SBS profiles that are very similar 
to those of other well-known signatures, ad- 
ditional information, such as co-occurrence 
with DBS signatures or TSB and/or RSB, can 
suggest a different etiology and help validate 
them as distinct signatures. Thus, deeper in- 
vestigation can often show distinctions that 
indicate diverse etiologies, a caveat that must 
be considered when using mutational signa- 
tures in future analyses. 
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Fig. 6. Summary of SBS signatures and DBS signatures in CNS tumors from CNS GEL tumors. (G) Distribution of mutational signatures in all CNS GEL tumors. 
the GEL dataset. (A) CNS tumors from GEL, ICGC and HMF cohorts. (B) Most CNS For each sample, the total number of mutations is shown in a log scale, whereas 
tumors have common signatures only (light blue), and a fraction have one rare signature signature exposure proportions are colored linearly. Samples are clustered according 
(maroon). In the pie charts, numbers <5% are not shown. (€) Common SBS signatures __ to the exposure proportions using hierarchical clustering with average linkage. 

in CNS GEL tumors. (D) Previously reported rare SBS signatures in CNS GEL tumors. (H) Mutational frequencies of common and rare signatures of CNS GEL cancers. 

(E) Previously unreported rare SBS signatures in CNS GEL tumors. (F) DBS signatures in Numbers at the bottom indicate the numbers of samples with each signature. 
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Fig. 7. Illustration of common and rare mutational signatures in cancer 
samples and the workflow of FitMS. Schematic depiction of common (gray and 
lighter colors) versus rare signatures in three example tumor types (breast, CNS, 
and colorectal cancers). Each patient could have different amounts of some (or all) 
of the common signatures. Occasionally, a patient may carry a rare signature as 
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detectable using WGS signatures but for which 
a genetic driver cannot be identified. It is 
noteworthy that a causal genetic event could 
not be detected for one in two cases with MMRd 
and one in two cases with HR deficiency, 
indicating that signature analysis is more 
sensitive for identifying these defects than ex- 
amination of mutations in selected genes. Fur- 
thermore, an agnostic WGS approach to 
tumor characterization will help reveal abnor- 
malities that we currently neither seek nor 
detect using customary diagnostic pathways. 
For example, we found MMRcd-associated sig- 
natures with a frequency of <1% in many tumor 
types, including stomach, prostate, pancreas, 
ovary, NET, lung, kidney, oropharyngeal, CNS, 
breast, sarcoma, and bladder cancers. Given 
the reported therapeutic relationships between 
MMRad phenotypes and immune checkpoint in- 
hibitors (37-39), from a personalized pan-cancer 
therapeutics perspective, many of these patients 
may be eligible for treatment options that would 
otherwise not be available to them. 

At present, many of the previously un- 
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This is not surprising because of the com- 
plexity of drawing causal relationships, partic- 
ularly for endogenous signatures, which can 
be the outcome of multiple co-occurring events. 
For example, a gene defect in MBD4 could 
convert the ubiquitous C>T at CpG into a 
hypermutator phenotype (SBS96), or a patho- 
physiological state such as replication stress 
could amplify APOBEC-related SBS13. Some 
endogenous signatures may only manifest as 
part of an adaptive response to stressful stim- 
uli. For example, SBS17, defined by T>G and 
T>C mutations, was reported in mouse cells 
that have been through immortalization, in 
normal human cells treated with 5-FU (40), 
and in a wide variety of cancers. Thus, many of 
the signatures of unknown etiology could be 
due to not just a single-gene defect but multi- 
gene or complex pathway abnormalities (47) 
and/or may become overt after an adaptive re- 
sponse to cellular stress. Further work will be 
required to fully comprehend the causes of 
many cancer mutational signatures. 

As our knowledge base increases, the com- 


reported signatures have no known etiology. 
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all tumor types, whereas other common signatures are restricted to certain tumor 
types. Rare signatures may be unique (yellow dot) or may also occur in other tumor 
types (red dots). We propose a practical package, FitMS, that makes use of the 
insights obtained in this study. Given a new sample—for example, a new brain cancer 
WGS mutation catalog—FitMS will fit common CNS signatures before attempting 
to discover additional rare signatures seen in CNS and other tumors. 


tures is evident in examples such as the OGGI 
polymorphic risk allele, for which some patients 
exhibit SBS108 clearly but others do not. Look- 
ing forward, alternative strategies may be 
needed to detect the contribution of moderate- 
and lower-penetrance germline risk alleles to 
somatic signatures in large cohorts. 

Notably, the present analysis introduces the 
concept of common versus rare signatures 
within each tumor type. It highlights how an 
increased number of samples may help dis- 
cern common signatures that occur at low 
levels for specific tumor types. Greater sample 
numbers may also help unveil signatures that 
occur at a low frequency in the population. 
Crucially, the availability of independent, open- 
access datasets such as those from the ICGC 
and HMF has been instrumental in corrobo- 
rating these common and rare signatures 
identified within the GEL dataset. Although it 
is far simpler to discuss signatures as unifying 
reference patterns across all organs, it is im- 
portant to note that these are mathematical 
reference patterns, an average of many extrac- 
tions, and not necessarily an accurate biological 
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representation of the process in any given tissue. 
For users seeking to learn what signatures may 
be present in a new set of samples, it may be 
more advisable to use organ-specific signa- 
tures rather than mathematically averaged 
signatures to perform an analysis. 

Thus, we suggest a strategy of using muta- 
tional signatures, which accounts for the bio- 
logical insights and complexities described in 
this work. FitMS invites the user to use com- 
mon organ-specific signatures in the first in- 
stance, followed by a hunt for rare signatures 
(Fig. 7). 

Indeed, as many national cancer genomic 
endeavors get underway worldwide over the 
next decade, we look forward to applying WGS 
data maximally to advance individualized can- 
cer care. 


Materials and methods summary 
Datasets 


We considered three large pan-cancer whole- 
genome cohorts: the GEL version 8 cohort of 
the 100,000 Genomes Project (7), comprising 
15,838 whole-genome-sequenced paired sam- 
ple; the ICGC cohort (9, 17), comprising 3001 
whole-genome-sequenced paired samples; and 
the HMF cohort (72), comprising 3417 whole- 
genome-sequenced tumor samples. After con- 
sidering comparability of tumor types across 
cohorts and QC of GEL data, we focused our 
analysis on 12,222 high-quality WGS GEL cases 
(tables S1 to S6). 


Mutational signature extraction 


For each tumor sample, we counted the num- 
ber of somatic mutations and constructed SBS 
(96-channel) and DBS (78-channel) mutational 
catalogs (tables S7 and S8). Mutational signa- 
tures were analyzed independently for each 
tumor type in each of the three cohorts (Fig. 
1C). First, we clustered mutational catalogs 
and excluded samples with unusual profiles 
(hierarchical clustering using 1 - cosine sim- 
ilarity as distance) (fig. S1, A to C), aiming at 
reducing the number of rare, complicating 
signatures and obtaining fewer, more accu- 
rate signatures. Second, we used non-negative 
matrix factorization with Kullback-Leibler 
divergence (KLD) optimization, repeated boot- 
strapping (at least 300 bootstraps), and re- 
moved poor local minima (7). We identified a 
set of common mutational signatures that 
were organ and cohort specific. Third, we 
fitted the common signatures into all samples 
of a given cohort and tissue type and identified 
samples with high reconstruction error to 
identify unexplained processes or rare mu- 
tational signatures (details in supplemen- 
tary materials; fig. S1, D to H, and tables S9 
to S12). 

To define signature exposures in each sam- 
ple, we used a signature fit procedure. Briefly, 
the number of mutations attributed to each 
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signature in each sample was estimated from 
organ-specific signatures detected in their 
originating cohort using KLD optimization 
(non-negative linear models R package) and 
bootstrapping (200 bootstraps) (7). Point esti- 
mates of exposures were the median of the 
exposures obtained from bootstrapping. Expo- 
sures below 5% of the total SBS burden or 
below 25% of DBS burden per sample were set 
to zero because of the risk of overfitting. 


Reference signatures 


To permit comparability across cohorts and 
organs, we defined “reference signatures” (Fig. 
1G). In brief, we clustered all common and 
rare mutational signatures (757 SBS or 301 
DBS signatures) (tables S13 and S14) and ob- 
tained clusters of highly similar signatures 
(187 SBS and 60 DBS clusters). Cluster aver- 
ages were termed “distinct patterns” (tables 
S15 and S16). We assigned each distinct pat- 
tern to one of three groups: (i) a reliably re- 
current distinct pattern observed in multiple 
independent extractions, (ii) a mix of two or 
more distinct patterns, (iii) a singleton pattern 
found in one organ in one cohort (tables S17 
and S18). Recurrent distinct patterns were ad- 
ditionally clustered to remove patterns that 
may simply be a variant of another pattern. 
Mixed distinct patterns that could be estimated 
as a combination of two distinct patterns 
using non-negative least squares were dis- 
missed. Singleton distinct patterns were also 
curated and dismissed if they could simply 
be variants of other reference signatures. If 
they had been reported in other studies, they 
were retained as reference signatures. A to- 
tal of 120 SBS and 39 DBS reference signatures 
were identified. 

A QC status—green, amber, or red—was as- 
signed to each of the reference signatures. QC 
green signatures were those extracted inde- 
pendently multiple times and/or reported in 
orthogonal studies. QC amber status was given 
to signatures with limited supporting evi- 
dence, such as signatures identified in only 
one extraction and not reported previously. 
QC red status was assigned to signatures 
that were mathematical or alignment arti- 
facts. After QC, 82 of 120 SBS and 27 of 39 DBS 
reference signatures remained QC green 
[tables S19 and S20, SBS/DBS final refer- 
ence signatures (tables $21 and S22), expo- 
sures (tables S23 and S24)]. Conversion 
matrices that map reference signatures to 
organ-specific signatures of each cohort are in 
tables S25 and S26. 

Additional analytics related to correlations 
with germline and somatic driver events can 
be found in the supplementary materials and 
tables S27 to S30. 

RSB and TSB were calculated as in previous 
work (42). Briefly, we counted classes of single- 
nucleotide variants (C>A, C>G, C>T, T>A, 
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T>C, and T>G) taking into account whether 
they appeared on the lagging or leading strand 
(according to MCF-7 reference Repli-Seq data) 
or on the transcribed or nontranscribed strand 
(according to gene orientation) (42). A paired 
two-tailed Student’s t test was used to deter- 
mine the significant deviation from the natu- 
ral bias given by the region’s base content. The 
log2 ratio was used to determine the size of the 
asymmetry between the two strands (table $32). 

HRDetect scores were computed as previous- 
ly described (77, 30). HRDetect input features 
are exposures of SBS3 and SBS8, proportions 
of short deletions at microhomology, HRD- 
LOH index, and exposures of rearrangement 
signatures 3 and 5. Rearrangement signature 
exposures were estimated by means of KLD 
optimization, bootstrapping, and previously pub- 
lished rearrangement signatures (17). HRDetect 
scores were computed both as point estimates 
and also as a distribution obtained from 1000 
bootstrapped scores, as previously described 
(17) (table S31). 


FitMS and simulation study 


Signature Fit Multi-Step (FitMS) is an algorithm 
designed to estimate signature exposures, tak- 
ing advantage of the concept of common and 
rare signatures. FitMS has two steps. In the 
first step, only common signature exposures are 
estimated. In the second step, the presence of 
potential rare signatures is estimated, achievable 
through two possible strategies: constrainedFit 
or errorReduction. The constrainedFit strat- 
egy uses constrained nonnegative least squares 
dimSolve R package) to estimate the residual 
between the observed and reconstructed cat- 
alogs, using only common signatures. If this 
residual resembled a rare signature (cosine 
similarity of at least 0.8) then we assumed 
that a rare signature was present in the sam- 
ple. In the errorReduction strategy, the error 
(KLD) between the original catalog and the fit 
obtained using only common signatures was 
compared with the error obtained using one 
additional rare signature, for all rare signa- 
tures considered. A rare signature is considered 
present if the reduction in error is at least 15%. 
Regardless of strategy, we recomputed sample 
exposures using both common signatures and 
any additional rare signatures. 

To evaluate the performance of FitMS (fig. 
S53), we simulated 100 genomes, each con- 
taining five common signatures chosen ran- 
domly from the nine common SBS breast 
cancer signatures in the GEL dataset. In 
addition, one rare signature was added to 25 
of 100 samples, and each rare signature was 
chosen randomly from 54 possible rare, curated 
SBS reference signatures observed in at least 
two independent extractions. We compared 
the two FitMS strategies against a “fit-all” strat- 
egy in which the aforementioned 9 common 
breast cancer signatures and 54 rare, curated 
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signatures were used in one single signature- 
fitting process. Each signature-fit strategy pro- 
duced a first estimate of the exposures, which 
tended to overfit signatures into samples, re- 
sulting in false-positive assignments of sig- 
natures to samples with very few associated 
mutations. To remove false positives, we re- 
moved signature exposures that represented 
avery small proportion of mutations, testing 
thresholds from 0 to 10% of total sample mu- 
tations (fig. S53, D to I). 

For users of FitMS, the set of common and 
rare signatures that could be fitted into any 
sample is thus organ dependent. Lists of signa- 
tures per organ can be found in table $33. 

Full materials and methods are available in 
the supplementary materials (43). 


REFERENCES AND NOTES 


1. H. Sung et al., Global Cancer Statistics 2020: GLOBOCAN 
Estimates of Incidence and Mortality Worldwide for 36 Cancers 
in 185 Countries. CA Cancer J. Clin. 71, 209-249 (2021). 
doi: 10.3322/caac.21660; pmid: 33538338 

2. M.R. Stratton, P. J. Campbell, P. A. Futreal, The cancer 
genome. Nature 458, 719-724 (2009). doi: 10.1038/ 
nature07943; pmid: 19360079 

3. D.R. Bentley et al., Accurate whole human genome sequencing 
using reversible terminator chemistry. Nature 456, 53-59 
(2008). doi: 10.1038/nature07517; pmid: 18987734 

4. T. Helleday, S. Eshtad, S. Nik-Zainal, Mechanisms underlying 
mutational signatures in human cancers. Nat. Rev. Genet. 15, 
585-598 (2014). doi: 10.1038/nrg3729; pmid: 24981601 

5. L. B. Alexandrov et al., Signatures of mutational processes in 
human cancer. Nature 500, 415-421 (2013). doi: 10.1038/ 
naturel2477; pmid: 23945592 

6. S. Nik-Zainal et al., Mutational processes molding the genomes 
of 21 breast cancers. Cell 149, 979-993 (2012). doi: 10.1016/ 
j.cell.2012.04.024; pmid: 22608084 

7. C. Turnbull, Introducing whole-genome sequencing into routine 
cancer care: The Genomics England 100 000 Genomes Project. 
Ann. Oncol. 29, 784-787 (2018). doi: 10.1093/annonc/ 
mdy054; pmid: 29462260 

8. J. Ma, J. Setton, N. Y. Lee, N. Riaz, S. N. Powell, The 
therapeutic significance of mutational signatures from DNA 
repair deficiency in cancer. Nat. Commun. 9, 3292 (2018). 
doi: 10.1038/s41467-018-05228-y; pmid: 30120226 

9. S. Nik-Zainal et al., Landscape of somatic mutations in 560 
breast cancer whole-genome sequences. Nature 534, 47-54 
(2016). doi: 10.1038/naturel7676; pmid: 27135926 

0. C. Ganini et al., Global mapping of cancers: The Cancer 
Genome Atlas and beyond. Mol. Oncol. 15, 2823-2840 (2021). 
doi: 10.1002/1878-0261.13056; pmid: 34245122 

1. ICGC/TCGA Pan-Cancer Analysis of Whole Genomes Consortium, 
Pan-cancer analysis of whole genomes. Nature 578, 82-93 
(2020). doi: 10.1038/s41586-020-1969-6; pmid: 32025007 

2. P. Priestley et al., Pan-cancer whole-genome analyses of 
metastatic solid tumours. Nature 575, 210-216 (2019). 
doi: 10.1038/s41586-019-1689-y; pmid: 31645765 

3. E. Turro et al., Whole-genome sequencing of patients with rare 
diseases in a national health system. Nature 583, 96-102 
(2020). doi: 10.1038/s41586-020-2434-2; pmid: 32581362 

4. L. B. Alexandrov et al., The repertoire of mutational signatures 
in human cancer. Nature 578, 94-101 (2020). doi: 10.1038/ 
s41586-020-1943-3; pmid: 32025018 

5. A. R. J. Lawson et al., Extensive heterogeneity in somatic 
mutation and selection in the human bladder. Science 
370, 75-82 (2020). doi: 10.1126/science.aba8347; 
pmid: 33004514 

6. S. M. A. Islam et al., Uncovering novel mutational signatures 
by de novo extraction with SigProfilerExtractor. 
bioRxiv2020.2012.2013.422570 [Preprint] (2021); 
doi: 10.1101/2020.12.13.422570 

7. A. Degasperi et al., A practical framework and online tool 
for mutational signature analyses show inter-tissue 
variation and driver dependencies. Nat. Cancer 1, 
249-263 (2020). doi: 10.1038/s43018-020-0027-5; 
pmid: 32118208 


Degasperi et al., Science 376, eabl9283 (2022) 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33: 


34. 


35; 


36. 


37: 


38. 


O. Pich et al., The mutational footprints of cancer therapies. 
Nat. Genet. 51, 1732-1740 (2019). doi: 10.1038/s41588-019- 
0525-5; pmid: 31740835 

P. S. Robinson et al., Increased somatic mutation burdens in 
normal human cells due to defective DNA polymerases. 

Nat. Genet. 53, 1434-1442 (2021). doi: 10.1038/s41588-021- 
00930-y; pmid: 34594041 

C. Swanton, N. McGranahan, G. J. Starrett, R. S. Harris, 
APOBEC Enzymes: Mutagenic Fuel for Cancer Evolution and 
Heterogeneity. Cancer Discov. 5, 704-712 (2015). doi: 10.1158/ 
2159-8290.CD-15-0344; pmid: 26091828 

M. A. Sanders et al., MBD4 guards against methylation 
damage and germ line deficiency predisposes to clonal 
hematopoiesis and early-onset AML. Blood 132, 

526-1534 (2018). doi: 10.1182/blood-2018-05-852566; 
pmid: 30049810 

B. Li et al., Therapy-induced mutations drive the genomic 
andscape of relapsed acute lymphoblastic leukemia. 

Blood 135, 41-55 (2020). doi: 10.1182/blood.2019002220; 
pmid: 31697823 

B. S. Strauss, The ‘A rule’ of mutagen specificity: A 
consequence of DNA polymerase bypass of non-instructional 
lesions? BioEssays 13, 79-84 (1991). doi: 10.1002/ 
bies.950130206; pmid: 2029269 

M. Rodrigues et al., Outlier response to anti-PD1 in uveal 
melanoma reveals germline MBD4 mutations in hypermutated 
umors. Nat. Commun. 9, 1866 (2018). doi: 10.1038/s41467- 
018-04322-5; pmid: 29760383 

X. Zou et al., A systematic CRISPR screen defines mutational 
mechanisms underpinning signatures caused by replication 
errors and endogenous DNA damage. Nat. Cancer 2, 643-657 
(2021). doi: 10.1038/s43018-021-00200-0; pmid: 34164627 
C. Pilati et al., Mutational signature analysis identifies MUTYH 
deficiency in colorectal cancers and adrenocortical 
carcinomas. J. Pathol. 242, 10-15 (2017). doi: 10.1002/ 
path.4880; pmid: 28127763 

A. Viel et al., A Specific Mutational Signature Associated with 
DNA 8-Oxoguanine Persistence in MUTYH-defective Colorectal 
Cancer. EBioMedicine 20, 39-49 (2017). doi: 10.1016/ 
j.ebiom.2017.04.022; pmid: 28551381 

P. Garre et al., Analysis of the oxidative damage repair genes 
NUDT1, OGG1, and MUTYH in patients from mismatch repair 


proficient HNPCC families (MS! 
17, 1701-1712 (2011). doi: 10.1 
pmid: 21355073 

N. J. Haradhvala et al., Distinc 
characterize concurrent loss o 


H. Davies et al., HRDetect is a 
deficiency based on mutational 


S-HNPCC). Clin. Cancer Res. 
58/1078-0432.CCR-10-2491; 


mutational signatures 
polymerase proofreading and 


mismatch repair. Nat. Commun. 9, 1746 (2018). doi: 10.1038/ 
s41467-018-04002-4; pmid: 29717118 


predictor of BRCA1 and BRCA2 
signatures. Nat. Med. 23, 


517-525 (2017). doi: 10.1038/nm.4292; pmid: 28288110 
P. Polak et al., A mutational signature reveals alterations 


underlying deficient homologous recombination repair in 
breast cancer. Nat. Genet. 49, 1476-1486 (2017). doi: 10.1038/ 


ng.3934; pmid: 28825726 


J. Staaf et al., Whole-genome sequencing of triple-negative 
breast cancers in a population-based clinical study. Nat. Med. 


25, 1526-1533 (2019). doi: 10. 
pmid: 31570822 
J. E. Kucab et al., A Compendi 


1038/s41591-019-0582-4; 


um of Mutational Signatures of 


Environmental Agents. Cell 177, 821-836.e16 (2019). 


doi: 10.1016/j.cell.2019.03.001; 


pmid: 30982602 


E. Pleasance et al., Pan-cancer analysis of advanced patient 
tumors reveals interactions between therapy and genomic 
landscapes. Nat. Cancer 1, 452-468 (2020). doi: 10.1038/ 


s43018-020-0050-6; pmid: 35121966 


C. Pleguezuelos-Manzano et al., Mutational signature in 


colorectal cancer caused by ge 
269-273 (2020). doi: 
pmid: 32106218 


notoxic pks* E. coli. Nature 580, 


0.1038/s41586-020-2080-8; 


P. J. Dziubariska-Kusibab et al., Colibactin DNA-damage 


signature indicates mutational 


impact in colorectal cancer. 


Nat. Med. 26, 1063-1069 (2020). doi: 10.1038/ 
s41591-020-0908-2; pmid: 32483361 
D. T. Le et al.., Mismatch repair deficiency predicts response of 


solid tumors to PD-1 blockade. 
doi: 10.1126/science.aan6733; 


Science 357, 409-413 (2017). 
pmid: 28596308 


A. Marabelle et al., Efficacy of Pembrolizumab in Patients With 
Noncolorectal High Microsatellite Instability/Mismatch Repair- 
Deficient Cancer: Results From the Phase Il KEYNOTE-158 


Study. J. Clin. Oncol. 38, 1-10 


(2020). doi: 10.1200/ 


JCO.19.02105; pmid: 31682550 


22 April 2022 


39. H. Veeraraghavan et al., Machine learning-based prediction of 
microsatellite instability and high tumor mutation burden 
from contrast-enhanced computed tomography in endometrial 
cancers. Sci. Rep. 10, 17769 (2020). doi: 10.1038/s41598- 
020-72475-9; pmid: 33082371 

40. S. Christensen et al., 5-Fluorouracil treatment induces 
characteristic T>G mutations in human cancer. Nat. Commun. 
10, 4571 (2019). doi: 10.1038/s41467-019-12594-8; 
pmid: 31594944 

Al. G. Rospo et al., Evolving neoantigen profiles in colorectal 
cancers with DNA repair defects. Genome Med. 11, 42 (2019). 
doi: 10.1186/s13073-019-0654-6; pmid: 31253177 

42. S. Morganella et al., The topography of mutational processes in 
breast cancer genomes. Nat. Commun. 7, 11383 (2016). 
doi: 10.1038/ncomms11383; pmid: 27136393 

43. See supplementary materials. 

44, A. Degasperi et al., Mutational signatures in whole-genome- 
sequenced cancers in the UK population, Mutational 
Signatures Data. vl, Zenodo (2022), https://doi.org/10.5281/ 
zenodo.5571551. —— 

45. A. Degasperi et al., Mutational signatures in whole-genome- 
sequenced cancers in the UK population, Supplementary Code 
S1 and S2. vl, Zenodo (2022), https://doi.org/10.5281/ 
zenodo.5570307. —— os 


ACKNOWLEDGMENTS 


This work was enabled by access to data and findings generated 
by the 100,000 Genomes Project, under the auspices of the 
Pan-Cancer GeCIP (project RR239). The 100,000 Genomes 
Project is managed by Genomics England Limited (a wholly 
owned company of the Department of Health and Social Care) 
funded by the National Institute for Health Research and 

NHS England. The Wellcome Trust, Cancer Research UK, and 
the Medical Research Council have also funded research 
infrastructure. The 100,000 Genomes Project uses data 
provided by patients and collected by the National Health 
Service as part of their care and support. This publication 

and the underlying research are facilitated by data that were 
generated by the Hartwig Medical Foundation (HMF) and 

the Center for Personalized Cancer Treatment (CPCT) in the 
Netherlands, as well as the International Cancer Genome 
Consortium. Funding: This work was supported by Cancer 
Research UK (CRUK) Advanced Clinician Scientist Award grant 
C60100/A23916, Dr. Josef Steiner Cancer Research Award 
2019, Medical Research Council (MRC) Grant-in-Aid to 

the MRC Cancer Unit, CRUK Pioneer Award C60100/A23433, 
CRUK Early Detection Project Award C60100/A27815, 

CRUK Grand Challenge Award grant C60100/A25274, and 
NIHR Research Professorship NIHR301627. This work was also 
supported by National Institute of Health Research (NIHR) 
Cambridge Biomedical Research Centre grant BRC-125-20014. 
The views expressed are those of the authors and not 
necessarily those of the NIHR or the Department of Health 

and Social Care. Author contributions: Conceptualization: 
S.N.-Z. and A.D. Methodology: A.D., T.D.A., H.R.D., and 

A.M.-M. Resources, new genomics, and clinical data: M.A.B. 
and Genomics England Research Consortium. Software: A.D., 
X.Z., T.D.A., A.M.-M., J.M.L.D., S.S., J.C., and D.P.-G. Data 
curation: Genomics England Research Consortium, A.D., S.N.-Z., 
H.R.D., A.M.-M., Y.M., and T.D.A. Investigation: S.N.-Z., A.D., 
X.Z., T.D.A., H.R.D., A.M.-M., G.C.C.K., J.M.L.D., L-H., L.C., G.R., 
V.Y.W.W., A.S.N., A.B., S.E.M. J.Y., D.P.-G., Y.M., and C.B. 
Visualization: A.D. Funding acquisition: S.N.Z. Project 
administration: S.N.-Z. Supervision: S.N.-Z. and H.R.D. Writing - 
original draft: S.N.-Z. and A.D. Writing - review and editing: 
S.N.-Z., A.D., G.C.C.K., H.R.D., X.Z., and S.S. Competing 
interests: A.D., X.Z., H.R.D., and S.N.-Z. hold patents or have 
submitted applications on clinical algorithms of mutational 
signatures [MMRDetect (PCT/EP2022/057387), HRDetect 
(PCT/EP2017/060294), clinical use of signatures (PCT/ 
EP2017/060289), rearrangement signature methods (PCT/ 
EP2017/060279), clinical predictor (PCT/EP2017/060298), and 
hotspots for chromosomal rearrangements (PCT/EP2017/ 
060298] and, during this project, have served in advisory roles 
or AstraZeneca, Artios Pharma, and the Scottish Genomes 
Project. Data and materials availability: Primary data from 
he 100,000 Genomes Project, which are held in a secure 
research environment, are available to registered users. See 
https://www.genomicsengland.co.uk/research/academic for 
urther information or contact M.A.B., Chief Scientific Officer at 
Genomics England (matt.brown@genomicsengland.co.uk). The 
CGC cohort contains 2471 cancer whole genomes from PCAWG 
(EGAS00001001692) and 530 additional breast cancer 


14 of 15 


RESEARCH | RESEARCH ARTICLE 


genomes (450 from EGASO0001001178 and 80 from 
EGAD00001002740). The HMF cohort can be accessed via at 
www.hartwigmedicalfoundation.nl/en. Data access requests 
and institutional agreements are required for all cohorts. The 
results of the analysis can be browsed at https://signal. 
mutationalsignatures.com/explore/study/6 or downloaded as a 
compressed archive from Zenodo (44). The code used for this 
analysis is available as Code S1 (R scripts) and Code S2 (new 
version of R package signature.tools.lib that includes FitMS) on 
Zenodo (45). 


Genomics England Research Consortium 


J.C. Ambrose!, P. Arumugam!, R. Bevers!, M. Bledal, F. Boardman-Pretty*?, 
C. R. Boustred!, H. Brittain’, M. J. Caulfield’?, G. C. Chan’, 


Degasperi et al., Science 376, eabl9283 (2022) 


. Fowler’, A. Giess', A. Hamblin’, S. Henderson’, 

J. P. Hubbard, R. Jackson’, L. J. Jones??, D. Kasperaviciute”?, 
. Kayikci?, A. Kousathanas!, L. Lahnstein’, S. E. A. Leigh’, 

.S. Leong’, F. J. Lopez, F. Maleady-Crowe!, M. McEntagart’, 
Minneci, L. Moutsianas!?, M. Mueller*?, N. Murugaesu?, 

C. Need?, P. O'Donovant, C. A. Odhams', C. Patcht?, 
Perez-Gil!, M. B. Pereira!, J. Pullinger?, T. Rahim!, A. Rendon’, 
Rogers, K. Savage!, K. Sawant!, R. H. Scott!, A. Siddiq}, 
Sieghart!, S.C. Smith’, A. Sosinsky*?, A. Stuckey’, M. Tanguy?, 
L. Taylor Tavarest, E. R. A. Thomas’, S. R. Thompsont, 
uci", M. J. Welland’, E. Williams’, K. Witkowska", S. M. Wood"# 


= 


PrPPrPtaornT Teno 


a 
roy 


nomics England, Queen Mary University of London, Dawson 
Hall, Charterhouse Square, London EC1M 6BQ, UK. William Harvey 


22 April 2022 


Research Institute, Queen Mary University of London, London 
ECIM 6BQ, UK. 


SUPPLEMENTARY MATERIALS 


science.org/doi/10.1126/science.abl9283 
Materials and Methods 

Figs. Sl to S53 

Tables S1 to S33 

References (46, 47) 


17 August 2021; accepted 4 March 2022 
10.1126/science.abl9283 


15 of 15 


1348 


SOCIETY 


MVAAAS 


An estate gift 
to AAAS 


Going all the way back to 1848, our founding year, the American 
Association for the Advancement of Science (AAAS) has been 
deeply committed to advancing science, engineering and 


innovation around the world for the benefit of all people. 


Today, we are dedicated to advocating for science and scientific 
evidence to be fully and positively integrated into public policy and 
for the community to speak with one voice to advance science and 


engineering in the United States and around the world. 


By making AAAS a beneficiary of your will, trust, retirement plan 
or life insurance policy, you will become a member of our 1848 
Society and will help fuel our work on behalf of science and society 
— including publishing the world’s most promising, innovative 


research in the Science family of journals and engaging in the 


issues that matter locally, nationally and around the world. 


Yes, | would like more information about joining the AAAS 1848 Society. 


PLEASE CONTACT ME AT: 


Name: 


Address: 


City: 


Email: 


RETURN THIS FORM TO: 


“As a teacher and instructor, | bear responsibility for the 


younger generations. If you have extra resources, concentrate 


them on organizations, like AAAS, that are doing work for all.” 


—Prof. Elisabeth Ervin-Blankenheim, 1848 Society member 


If you intend to include AAAS in your estate plans, provide this 


information to your lawyer or financial adviser: 


Legal Name: American Association for the Advancement of Science 
Federal Tax ID Number: 53-0196568 
Address: 1200 New York Avenue, NW, Washington, DC 20005 


If you would like more information on making an estate gift to 
AAAS, cut out and return the form below or send an email to 
philanthropy@aaas.org. Additional details are also available 


online at www.aaas.org/1848Society. 


AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF SCIENCE 


9 cut here 
=o 


SOCIETY | 
dh AVAAAS 4 


Zip code: Country: 


Phone: 


AAAS Office of Philanthropy and Strategic Partnerships * 1200 New York Avenue, NW « Washington, DC 20005 USA 


RESEARCH 


RESEARCH ARTICLE SUMMARY 


CORONAVIRUS 


Structural basis for potent antibody neutralization 
of SARS-CoV-2 variants including B.1.1.529 


Tongqing Zhou*{, Lingshu Wang}, John Misasi*{, Amarendra Pegu, Yi Zhang, Darcy R. Harris, 
Adam S. Olia, Chloe Adrienna Talana, Eun Sung Yang, Man Chen, Misook Choe, Wei Shi, I-Ting Teng, 
Adrian Creanga, Claudia Jenkins, Kwanyee Leung, Tracy Liu, Erik-Stephane D. Stancofski, 

Tyler Stephens, Baoshan Zhang, Yaroslav Tsybovsky, Barney S. Graham, John R. Mascolat, 


Nancy J. Sullivant, Peter D. Kwong*+ 


INTRODUCTION: The emergence and rapid spread 
of the B.1.1.529 (Omicron) variant of concern 
(VOC) with 37 mutations in the spike protein 
has raised alarm. Especially troublesome are 
the 15-amino acid substitutions in the receptor 
binding domain (RBD) because RBD-directed 
antibodies have been the only antibodies found 
to retain sufficient potency against other vari- 
ants. To identify antibodies that effectively neu- 
tralize B.1.1.529, we evaluated RBD-directed 
antibodies for their ability to bind and neutral- 
ize B.1.1.529 and determined their modes of 
recognition using functional assays and cryo- 
electron microscopy (cryo-EM) structures. 


RATIONALE: The severe acute respiratory syn- 
drome coronavirus 2 (SARS-CoV-2) B.1.1.529 
VOC is substantially resistant to neutralization 
by most monoclonal antibodies and by vaccinee 
and convalescent sera. Identifying monoclonal 
antibodies that retain neutralization potency 
against this variant and understanding their 
structural mechanism of recognition should in- 
form the development of vaccines and antibody 
therapeutics that maintain effectiveness. 


RESULTS: The cryo-EM structure of the B.1.1.529 
spike in its prefusion conformation revealed a 


Structural basis for potent neutralization 
of B.1.1.529 by monoclonal antibodies 
and their combination. The RBD molecular 
surface is shown, colored by B.1.1.529 
substitutions in red. (Left) Example epitopes 
are highlighted, along with the impact of each 
amino acid substitution. (Middle) Epitopes 
are shown for antibodies S2E12 and 
LY-CoV1404, which retain potent neutraliza- 
tion of B.1.1.529. (Right) Antibody combina- 
tions with complementary recognition 
modes can bind cooperatively to mediate 
synergistic neutralization. 


Substitutions that impact antibody 


single RBD-up conformation, with RBD sub- 
stitutions localized to the outer surface of the 
spike. Despite this localization, RBD substitu- 
tions directly contacted or bordered epitopes of 
all previously identified RBD-directed neu- 
tralizing antibodies. Our studies revealed anti- 
bodies A23-58.1, B1-182.1, COV2-2196, S2E12, 
A19-46.1, S309, and LY-CoV14.04 to nevertheless 
maintain substantial neutralization against this 
emerging variant. To provide structural and 
functional explanations, we determined cryo- 
EM structures of antibody-spike complexes 
and used virus particles representing each of 
the 15 single-amino-acid substitutions in RBD 
to delineate their functional impact. For class I 
and II antibodies that compete with angiotensin- 
converting enzyme 2 (ACE2) for binding to spike, 
such as VH1-58-derived antibodies B1-182.1 and 
S2E12, these analyses revealed potent neutrali- 
zation to require smaller antibody side chains 
that accommodate the S477N mutation. For 
others, such as LY-CoV555 and A19-46.1, the 
epitopes of these antibodies bordered multi- 
ple RBD substitutions. Both E484A or Q493R 
greatly reduced binding for LY-CoV555, where- 
as for A19-46.1, these substitutions were gener- 
ally tolerated, with the cryo-EM structure of 
A19-46.1 and spike revealing a two-RBD-up 


Antibodies that overcome B.1.1.529 


conformation and A19-46.1 binding only to 
up RBDs. For class III and IV antibodies that 
bind outside of the ACE2-binding surface—such 
as A19-61.1, COV2-2130, S309, and LY-CoV1404.— 
individual B.11.529 substitutions were generally 
tolerated. However, A19-61.1 neutralization was 
eliminated by G44.6S8; COV2-2130 showed sub- 
stantially lower neutralization of B.1.1.529, but 
no single mutation exhibited a substantial im- 
pact; S309 retained potency against B.1.1.529, 
although not against the BA.2 sublineage 
variant (half-maximal inhibitory concentra- 
tion reduced to 1374 ng/ml); and LY-CoV1404 
retained potent neutralization (5.1 and 0.6 ng/ml 
against BA.1 and BA.2 sublineages, respectively). 
Last, we assessed combinations of monoclonal 
antibodies and found several, including the 
combination of B1-182.1 and A19-46.1, to 
show neutralization synergy. The structure 
of the ternary complex of B.1.1.529 spike with 
these two antibodies suggested the induction 
of the preferred up-RBD binding conformation 
by B1-182.1 to facilitate cooperative binding by 
A19-46.1 as the basis for their synergy. 


CONCLUSION: Although Omicron mutations 
cluster, they nonetheless affect virtually all 
known RBD-directed neutralizing antibodies. 
Our study reveals the structural basis by which 
select RBD-directed antibodies such as S2E12 
and LY-CoV14.04 retain potent neutralization of 
B.1.1.529. We further identified antibody com- 
binations that can be used for treatment and 
have demonstrated how these combinations 
overcome extensive spike mutations. 
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The rapid spread of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) B.1.1.529 
(Omicron) variant and its resistance to neutralization by vaccinee and convalescent sera are driving 

a search for monoclonal antibodies with potent neutralization. To provide insight into effective 
neutralization, we determined cryo-electron microscopy structures and evaluated receptor binding 
domain (RBD) antibodies for their ability to bind and neutralize B.1.1.529. Mutations altered 16% of the 
B.1.1.529 RBD surface, clustered on an RBD ridge overlapping the angiotensin-converting enzyme 2 
(ACE2)-binding surface and reduced binding of most antibodies. Substantial inhibitory activity was 
retained by select monoclonal antibodies—including A23-58.1, B1-182.1, COV2-2196, S2E12, A19-46.1, 
$309, and LY-CoV1404—that accommodated these changes and neutralized B.1.1.529. We identified 
combinations of antibodies with synergistic neutralization. The analysis revealed structural mechanisms 
for maintenance of potent neutralization against emerging variants. 


ince first appearing in late 2019 (7), severe 

acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) has infected more than 

490 million people and resulted in more 

than 5.9 million deaths (2). The ap- 
pearance and rapid spread of the B.1.1.529 
(Omicron; BA.1) variant (3, 4)—with 34 amino 
acid substitutions, deletions, and insertions in 
the spike protein, which is three times higher 
than found in prior variants—has raised alarm. 
Although extremely broad antibodies such as 
S2P6 (5) that neutralize diverse B-coronaviruses, 
including SARS-CoV-2, are likely to be unen- 
cumbered by B.1.1.529 mutations, these broad 
antibodies neutralize in the microgram per 
milliliter range, whereas current therapeutic 
antibodies generally neutralize in the 1 to 
50 nanogram per milliliter range for the an- 
cestral D614G virus. (Single-letter abbrevia- 
tions for the amino acid residues are as follows: 
A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, 
His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; 
Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; 
and Y, Tyr. In the mutants, other amino acids 
were substituted at certain locations; for ex- 
ample, D614G indicates that aspartate at posi- 
tion 614 was replaced by glycine.) 
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Cryo-EM structure of B.1.1.529 

(Omicron) spike 

To provide insight into the impact of B.1.1.529 
mutations on spike, we expressed and pro- 
duced the two proline-stabilized (S2P) (6) 
B.1.1.529 spike and collected single-particle 
cryo-electron microscopy (cryo-EM) data that 
resulted in a structure of the trimeric ecto- 
domain at 3.29 A resolution (Fig. 1, fig. S1, 
and table S1). Like other D614G-containing 
variants, the most prevalent spike conforma- 
tion comprised the single-receptor binding 
domain (RBD)-up conformation (7). B.1.1.529 
mutations present in the spike gene resulted 
in three deletions of two, three, and one amino 
acids, a single insertion of three amino acids, 
and 30 amino acid substitutions in the spike 
ectodomain (fig. S2A). As expected from the 
~3% variation in sequence, the B.1.1.529 spike 
structure was extremely similar to the WA-1 spike 
structure, with an overall Ca-backbone root 
mean square deviation (RMSD) of 1.8 A (0.5 A 
for the S2 region); however, we did observe 
minor conformational changes in a few places. 
For example, the RBD S371L/S373P/S375F sub- 
stitutions changed the conformation of their 
residing loop so that F375 in the RBD-up pro- 
tomer interacted with F486 in the neighboring 
RBD-down protomer and locked this RBD in 
down position (Fig. 1B). Moreover, the S373P 
substitution in the next RBD-down protomer 
increased contact surface with the neighbor- 
ing RBD in down position, potentially latching 
itself in the down position (fig. S1G). All of these 
$371L/S373P/S375F substitution-mediated 
interactions help to stabilize the single-RBD- 
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up conformation. Amino acid changes were 
denser in the N-terminal domain (NTD) and 
RBD, where most neutralizing antibodies bind, 
although RMSDs remained low (0.6 and 1.2 A 
for NTD and RBD, respectively). About half the 
B.1.1.529 alterations in sequence outside the 
NTD and RBD involved new interactions, both 
hydrophobic, such as Y796 with the glycan on 
N709, and electrostatic, such as K547 and K856 
interacting respectively with residues in heptad 
repeat 1 (HR1) in $2 and subdomain-1 (SD1) in 
S1 on neighboring protomers (Fig. 1B, fig. S2A, 
and table S2). Despite these newly introduced 
interactions, differential scanning calorimetry 
indicated that the B.1.1.529 spike had folding 
energy similar to that of the original WA-1 strain 
(fig. S2B). 

NTD changes altered ~6% of the solvent- 
accessible surface on this domain, and several 
were located directly on or proximal to the 
NTD-supersite of vulnerability (8), where prior 
variants had mutations that substantially re- 
duced neutralization by NTD antibodies. Other 
NTD changes neighbored a pocket, proposed 
to be the site of bilirubin binding (9), which 
also binds antibody (Fig. 1C) (70). 

RBD alterations changed ~16% of the solvent- 
accessible surface on this domain and were 
constrained to the outward-facing ridge of the 
domain (Fig. 1D), covering much of the surface 
of the trimeric spike apex (fig. SIF). Several 
amino acid changes involved basic substitu- 
tions, resulting in a substantial increase in RBD 
electropositivity (Fig. 1D). Overall, RBD changes 
affected binding surfaces for the angiotensin- 
converting enzyme 2 (ACE2) receptor (Fig. 1D) 
(11) as well as recognition sites for potently 
neutralizing antibodies (Fig. 1E) (12-/4). 


Functional assessment of variant binding 
to ACE2 


When pathogens infect a new species, sus- 
tained transmission leads to adaptations that 
optimize replication, immune avoidance, and 
transmission. One hypothesis for the efficient 
species adaptation and transmission of SARS- 
CoV-2 in humans is that the virus spikes are 
evolving to optimize binding to the host re- 
ceptor protein, ACE2. As a first test of this hy- 
pothesis, we used a flow cytometric assay to 
evaluate binding of human ACE2 to cells ex- 
pressing variant spike proteins. We evaluated 
the binding of soluble dimeric ACE2 to B.1.1.7 
(Alpha) (5), B.1.351 (Beta) (16), P.1 (Gamma) 
(7, 18), or B.1.617.2 (Delta) (19) spikes compared 
with the ancestral D614G spike. The early 
B.1.1.7 variant contains an RBD substitution 
at N501Y (Fig. 2A), which increases RBD 
binding to ACE2 (20). Consistent with this, 
cell-surface ACE2 binding to B.1.1.7, which only 
contains an N501Y substitution in RBD, was 
182% of D614G (fig. S3A). However, other 
N501Y-containing variants (B.1.351 and P.1) 
and B.1.617.2 (Fig. 2A), which lacks N5OT1Y, did 
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Fig. 1. Cryo-EM struc- 
ture of the SARS-CoV-2 
B.1.1.529 (Omicron) 
spike. (A) Cryo-EM map 
of the SARS-CoV-2 
B.1.1.529 spike. Recon- 
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not show substantial increases in ACE2 bind- 
ing signal (fig. S3A), a finding that is consistent 
with previous reports (20). Multiple groups 
have evaluated ACE2 binding to B.1.1.529 and 
found both increased or unchanged binding 
(21-25). In our cell binding assay, we found 
that ACE2 binding was 104% of the binding to 
D614G binding (fig. S3A). 

Because cell-surface spike binding may be 
influenced by factors such as increased electro- 
positivity of the RBD and by relative changes 
in the up/down state of RBD, we formally in- 
vestigated the ACE2 binding affinity using 
surface plasmon resonance of soluble dimeric 
human ACE2 to S2P spike trimers generated 
from the ancestral WA-1 and six subsequent 
variants: D614G, B.1.351, P.1, B.1.617.2, B.1.1.7, 
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and B.1.1.529. We observed that both WA-1 and 
D614G, which have identical RBD sequences, 
have similar apparent affinities (Kapp = 1.1 and 
0.73 nM, respectively) (fig. S3, B and C). The 
apparent affinity for variants was minimally 
changed (Kapp = 0.59 to 3.8 nM), including 
for N501Y-containing variants (fig. $3, B and 
C). Given the minimal changes to affinity, our 
data suggests that spike variant evolution is 
not being driven by the optimization of ACE2 
binding but is instead driven primarily by im- 
mune pressure. 


Variant binding and neutralization by 
individual monoclonal antibodies 


To define the impact of SARS-CoV-2 variant 
amino acid changes on the binding and neu- 
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tralization of monoclonal antibodies, we ex- 
pressed and purified 17 highly potent antibodies 
targeting the spike RBD (12, 13, 26-38), in- 
cluding 13 antibodies currently under clinical 
investigation or approved for use under emer- 
gency use authorization (EUA) by the US Food 
and Drug Administration. All antibodies bound 
and neutralized B.1.1.7 comparable with the 
ancestral D614G and consistent with the single 
501Y substitution being outside each antibody’s 
binding epitope (Fig. 2 and fig. S5A). Consistent 
with previous reports (14, 39-42), two addi- 
tional RBD substitutions in the RBD of B.1.351 
and P.1 variants (Fig. 2A) led to substantially 
decreased binding and neutralization by the 
two class I antibodies CB6 and REGN10933 
and the two class II antibodies LY-CoV555 and 
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Fig. 2. SARS-CoV-2 monoclonal antibody binding and neutralization. 

(A) Models of SARS-CoV-2 WA-1 spike protein (PDB: 6XM3) with the locations 

of substitutions present in variants indicated as red dots. Also indicated is the 

total number of amino acid substitutions and the number and locations of RBD 


substitutions in VOC spike proteins. (B) Full-length spike proteins f 
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om the indicated 
transfected 


293T cells, and binding to indicated monoclonal antibodies was assessed by means 


of flow cytometry. Antibody mean fluorescence intensity (MFI) bin 


ding signal was 


adjusted according to spike protein expression level (fig. S4). Shown is the ratio of 
the adjusted antibody MFI binding to the indicated spike expressing cells to the 


adjusted MFI of the same antibody bound to D614G spike-expressi 


ng cells. The data 


are expressed as a percentage. Shown is a representative experiment (n = 2 
replicates). (C) Lentiviruses pseudotyped with SARS-CoV-2 spike proteins from 


C144 (Fig. 2, B and C, and fig. S5A). In addition, 
whereas binding of CT-P59 to B.1.351 and P.1 
variants was minimally changed (37 to 100%), 
neutralization was decreased 26- to 43-fold (Fig. 
2, B and C). The remaining antibodies showed 
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minimal binding changes and a <3.6-fold differ- 
ence in neutralization half-maximal inhibitory 
concentration (ICs) (Fig. 2, B and C, and fig. 
S5A). An evaluation of the antibodies in our 
panel against B.1.617.2 revealed minimal changes 


ning amino acid changes in their Fc domains. 


in binding and neutralization for all antibodies 
except REGN10987, A19-46.1, and LY-CoV555 
(Fig. 2, B and C). As previously reported 
(14, 39-42), REGN10987 binds B.1.617.2 spike 
but has 22-fold less neutralization, and the 
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binding and neutralizing activity of A19-46.1 
and LY-CoV555 was eliminated (Fig. 2, Band 
C). These data are consistent with previous 
results that showed both A19-46.1 and LY- 
CoV555 were sensitive to the L452R mutations 
present in B.1.617.2 (74, 39, 40). 

For B.1.1.529, all but three antibodies (A19- 
46.1, COV2-2130, and LY-CoV1404) showed 
binding less than 32% of D614G. Furthermore, 
although COV2-2196, S2E12, B1-182.1, and A23- 
58.1 use the same VH1-58 gene in their heavy 
chain and target a similar region on the RBD 
(the VH1-58 supersite), they showed differ- 
ential binding to B.1.1.529 (3, 4, 9, and 13%, 
respectively) and B.1.617.2 (85, 93, 97, and 99%, 
respectively) (Fig. 2B). Even though the abso- 
lute differences in binding are minimal, the 
shared trend may be reflective of how the 
RBD tip T478K substitution found in B1.1.529 
and B1.617.2 is accommodated by each of these 
antibodies. Taken together, cell surface bind- 
ing suggests that whereas both A19-46.1 (47%) 
and LY-CoV1404 (44%) are likely to retain 
potent neutralizing activity against B.1.1.529, 
the remaining antibodies in our panel might 
show decreased neutralizing activity. 

Using the same panel of monoclonal anti- 
bodies, we further assayed for each antibody’s 
capacity to neutralize the B.1.1.529 variant. 
VH1-58 supersite antibodies are a subset of 
class I antibodies that bind to the tip of RBD 
and have high neutralization activity against 
previous variants (J4); despite this, their ICsos 
were 40- to 126-fold worse against B.1.1.529 
relative to D614G (Fig. 2C). In addition, two 
other antibodies, CB6 (class I) and ADG2 
(class I/IV), were severely affected (Fig. 2C). 
Among the class II antibodies (LY-CoV555, 
C144, and A19-46.1), neutralization by LY- 
CoV555 and C144 was completely abolished. 
By contrast, we found that the A19-46.1 neu- 
tralization ICs9 was 223 ng/ml for B.1.1.529 
versus 19.4 ng/ml for D614G (Fig. 2C) and 
was less than sixfold of the previously reported 
ICs9 for WA-1 (39.8 ng/ml) (74). For class III 
antibodies, neutralization activity of A19-61.1, 
REGN10987, and C135 was completely abol- 
ished; CoV2-2130 decreased 1581-fold; and that 
of S309 decreased by approximately eightfold 
(Fig. 2C). In contrast to all the other anti- 
bodies, we found that the neutralization of 
LY-CoV1404 against B.1.1.529 was unchanged 
relative to D614G (Fig. 2C). Taken together, 
these data demonstrate that the mutations 
present in B.1.1.529 mediate resistance to a 
broad range of antibodies. 


Structural and functional basis of class | 
antibody neutralization, escape, 
and retained potency 


To determine the functional basis of B.1.1.529 
neutralization and escape for class I antibodies, 
we analyzed class I antibodies CB6, B1-182.1, 
and S2E12, which show differential B.1.1.529 
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neutralization (Fig. 2C). CB6 is a class I anti- 
body that does not use the VH1-58 gene and 
whose epitope is partially overlapping with 
the VH1-58 supersite. We used virus particles 
containing single-amino acid substitutions 
representing each of 15 single-amino acid 
changes on the RBD of B.1.1.529. Whereas 
K417N completely abrogated neutralization of 
CB6, the presence of Y505H, S371L, or Q493R 
substitutions decreased neutralization from 
7- to 46-fold (Fig. 3A). Taken together, this 
suggests that B.1.1.529 evades CB6-like anti- 
bodies through multiple substitutions. Dock- 
ing of the RBD-bound CB6 onto the B.1.1.529 
structure revealed several B.1.1.529 substitu- 
tions that may affect CB6 binding through a 
steric clash (Q493R) and removal of key con- 
tacts (K417N and Y505H), which is consistent 
with neutralization data (Fig. 3B). The VH1-58 
supersite antibodies B1-182.1 and S2E12 have 
similar amino acid sequences to each other (/4) 
but show an approximately sixfold difference 
in B.1.1.529 neutralization. These two antibodies 
remained highly potent for all virus particles 
with single RBD mutations (ICs, < 10.6 ng/ml), 
with the largest change for Q493R, which 
caused a 7- and 5.4-fold decrease of neutraliza- 
tion for B1-182.1 and S2E12, respectively (Fig. 
3A). These small differences in neutralization 
from single mutations suggest that two or 
more combinations of mutations of B.1.1.529 
are working in concert to mediate escape from 
VH1-58 supersite antibodies. Docking of the 
RBD-bound B1-182.1 onto the B.1.1.529 struc- 
ture indicated that the epitopes of these anti- 
bodies were bounded by Q493R, S477N, T478K, 
and E484A, with R493 pressing on one side of 
the antibody and N477/K4’78 on the other side 
of the antibody at the heavy chain-light chain 
interface (Fig. 3C). N477/K478 positioned at 
the junction formed by complementarity- 
determining region (CDR) H3, CDR LI, and 
L2 and clashed slightly with a region centered 
at CDR H3 residue 100C (Kabat numbering) 
(Fig. 3D). Sequence alignment of CDR H3 of 
VH1-58-derived antibodies indicated that res- 
idue 100C varies in side chain size, from serine 
in S2E12 to tyrosine in A23-58.1. The size of 
100C reversely correlated with neutralization 
potency ICgp (P = 0.046) (Figs. 2C and 3D), 
suggesting that VH1-58 antibodies could alle- 
viate escape imposed by the B.1.1.529 mutations 
through reduced side chain size at position 
100C to minimize clashes from N477/K478. 


Structural and functional basis of class Il 
antibody neutralization, escape, 
and retained potency 


We next sought to determine the functional 
basis of B.1.1.529 neutralization and escape for 
two class II antibodies, LY-CoV555 (37) and 
A19-46.1 (14), which have B.1.1.529 ICs9 of 
>10,000 and 223 ng/ml, respectively (Fig. 2C). 
Consistent with previous reports (14, 43, 44), 
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either E484A or Q493R substitution results 
in complete loss of LY-CoV555 neutralization, 
whereas the same mutations did not affect 
A19-46.1 (Fig. 4A). For A19-46.1, no individual 
mutation reduced neutralization to the level 
noted in B.1.1.529 except S371L, which in- 
creased the ICs, to 72.3 ng/ml (Fig. 4A). In 
the context of B1.1.529, which contains the 
S371L/S373P/S375F alterations, the IC;, fur- 
ther increased to 223 ng/ml (Fig. 2C). One 
potential explanation for this further reduc- 
tion of potency is that the mutation-introduced 
interaction between F375 and F486 (Fig. 1B) 
restricts the RBD-up conformation required 
for A19-46.1 binding. 

To understand the structural basis of A19- 
46.1 neutralization of B.1.1.529, we obtained 
a cryo-EM structure of the B.1.1.529 spike in 
complex with Fab A19-46.1 at 3.86 A resolu- 
tion (Fig. 4B, fig. S6, and table S1). Two Fabs 
bound to the RBDs in up-conformation in each 
spike, with the third RBD in down position. 
Docking Fab A19-46.1 onto the RBD in down 
conformation revealed a clash with the NTD 
of the neighboring protomer, suggesting that 
A19-46.1 binding requires the RBD-up con- 
formation. Focused local refinement of the 
antibody-RBD region resolved the antibody- 
RBD interface (Fig. 4B, right). Consistent with 
previous mapping and negative stain EM data, 
A19-46.1 binds to a region on RBD generally 
targeted by class II antibodies with an angle 
~45° toward the viral membrane. Binding in- 
volves all light chain CDRs and only CDR H3 
of the heavy chain and buries a total of 805 A” 
interface area from the antibody (Fig. 4C, left). 
With the light chain latching to the outer rim 
of the RBD and providing about 70% of the 
binding surface, A19-46.1 uses its 17-residue- 
long CDR H3 to form parallel strand inter- 
actions with RBD residues 345 to 350 (Fig. 4B, 
right). Docking RBD-bound ACE2 to the A19- 
46.1-RBD complex indicated that the bound 
antibody sterically clashes with ACE2 (Fig. 4D), 
providing the structural basis for its neutrali- 
zation of B.1.1.529. 

The 686 A? epitope of A19-46.1 is located 
within an RBD region that is not mutated in 
B.1.1.529. Three of the 15 amino acid changes 
on the RBD, S446, A484, and R493 are posi- 
tioned at the edge of epitope, with their side 
chains contributing 8% of the binding sur- 
face. LY-CoV555, which targets the same region 
as that of a class II antibody, completely lost 
activity against B.1.1529. Superimposing the 
LY-CoV555-RBD complex onto the B.1.1.529 
RBD showed that although LY-CoV555 has an 
angle of approach similar to that of A19-46.1 
(Fig. 4D), its epitope shifts up to the ridge 
of the RBD and includes the B.1.1.529 altera- 
tions A484 and R493 (Fig. 4D). R493 causes 
steric clash with the CDR H3 of LY-CoV555, 
explaining the escape of B.1.1.529 from LY- 
CoV555 neutralization. Overall, the location 


4 of 12 


RESEARCH | RESEARCH ARTICLE 


A __ Pseudotyped virus neutralization by B1.182.1, S2E12 and CB6 of B.1.1.529 with single-residue substitutions in RBD (ng/mL) 
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Fig. 3. Functional and structural basis of class | antibody neutralization 
and mechanistic basis of retained potency against B.1.1.529 VOC. 

(A) Lentiviruses pseudotyped with SARS-CoV-2 spike proteins from D614G 

or D614G plus the indicated point substitutions found within the B.1.1.529 spike 
were incubated with serial dilutions of the indicated antibodies, and ICsq and 
ICgo values were determined on 293T-ACE2 cells. Ranges are indicated with 
white (>10,000 ng/ml), light blue (>1000 to <10,000 ng/ml), yellow (>100 to 
<1000 ng/ml), orange (>50 to <100 ng/ml), red (>10 to <50 ng/ml), maroon 
(>1 to <10 ng/ml), and purple (<1 ng/ml). (B) Mapping of B.1.1.529 amino 
acid substitutions at the epitope of class | antibody CB6. RBD-bound CB6 was 
docked onto the B.1.1.529 spike structure. B.1.1.529 amino acid substitutions 
incompatible with CB6 binding were identified and labeled. The K417N 
substitution caused a clash in the center of the paratope. B.1.1.529 RBD is 
shown in green cartoon, with amino acid substitutions as red sticks. CB6 is 
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shown in surface representation, with heavy and light chains in yellow and 
slate, respectively. (©) Docking of RBD-bound VH1-58-derived class | antibody 
B1-182.1 onto the B.1.1.529 spike structure identified four substitutions with 
potential steric hindrance. B1-182 is shown in surface representation, with 
heavy and light chains colored olive and light blue, respectively. B.1.1.529 amino 
acid substitutions that may affect binding of VH1-58 antibodies were labeled. 
(D) Structural basis for effective neutralization of the B.1.1.529 VOC by VH1-58- 
derived antibodies. Even though VH1-58 antibodies—such as the S2E12, COV2- 
2196, A23-58.1, and B1-182.1—-share high-sequence homology (top right), 

their neutralization potency against B.1.1.529 varies. Structural analysis indicated 
that CDR H3 residue 100C, located at the interface formed between RBD and 
antibody heavy and light chains, may determine their potency against B.1.1.529 
(left). Size of this residue correlated with neutralization potency with two-tailed 

P = 0.046 (bottom right). 


of the epitope and the angle of approach allow 
A19-46.1 to effectively neutralize B.1.1.529. 


Structural and functional basis of class III 
antibody neutralization, escape, 
and retained potency 


To evaluate the functional basis of B.1.1.529 
neutralization and escape for class III anti- 
bodies and to understand how potent neu- 
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tralization might be retained, we investigated 
a panel of class III antibodies with differential 
potency, including A19-61.1, COV2-2130, S309, 
and LY-CoV1404 (Fig. 5A). Assessment of the 
impact of each of the 15 mutations in the RBD 
revealed that the G446S amino acid change 
results in a complete loss in activity for A19- 
61.1 (Fig. 5A), which is consistent with the 
complete loss of function of this antibody 
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against B.1.1.529 and previous reports that 
suggested G446V might affect function (74). 
For S309, S373P resulted in a small change 
in neutralization (Fig. 5A). Unexpectedly, al- 
though S309 retains moderate neutralizing 
activity against B.1.1.529, we found that the 
single S371L amino acid change leads to a loss 
in $309 neutralization (Fig. 5A). This suggests 
that combinations of S371L with other B.1.1.529 
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A Pseudotyped virus neutralization by A19-46.1 and LY-CoV555 of B.1.1.529 with single-residue substitutions in RBD (ng/mL) 
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Fig. 4. Functional and structural basis of class II antibody binding, 
neutralization, and escape. (A) Lentiviruses pseudotyped with SARS-CoV-2 
spike proteins from D614G or D614G plus the indicated point substitutions 


found within the B.1.1.529 spike were incubated with 


indicated antibodies, and ICs9 and ICgq values were determined on 293T-ACE2 
ml), light blue (>1000 to 
<10,000 ng/ml), yellow (>100 to <1000 ng/ml), orange (>50 to <100 ng/ml), 


cells. Ranges are indicated with white (>10,000 ng/ 
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(B) Cryo-EM structure of class II antibody A19-46.1 Fab in complex with the 


B.1.1.529 spike. Overall density map is shown to the 
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level of the cryo-EM map is 4.0o. (€) Interaction between A19-46.1 and RBD. 
(Left) CDR H3 and all light-chain CDRs that are involved in binding of RBD. 
Epitope of A19-46.1 is shown in orange on the green B.1.1.529 RBD surface, with 
amino acid substitutions in red. (Right) S446, A484, and R493 are located at 
the edge of the epitope of Fab A19-46.1. RBD residues are labeled with italicized 
font. (D) Binding of A19-46.1 to RBD prevents binding of the ACE2 receptor. 
ACE2 and A19-46.1 are shown in cartoon representation. (E) Comparison 

of binding modes to RBD for antibody A19-46.1 and LY-CoV555. (Left and inset) 


left, with protomers in light 


green, gray, and light cyan. Two A19-46.1 Fabs bound to the RBD in the up 


conformation are shown in orange and slate. Structu 
after local focused refinement is shown to the right 
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in cartoon representation. 
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mutations result in structural changes in spike 
that allow S309 to partially overcome the S371L 
change. None of the single-amino acid changes 
evaluated resulted in markedly different 
neutralization by COV2-2130 (Fig. 5A), suggest- 
ing that combinations of amino acid substitu- 
tions act in concert to decrease neutralization 
potency against B.1.1.529. Last, consistent with 
the overall high potency of LY-CoV1404 against 
all tested variants of concern (VOCs), we did 
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Even though both antibodies target similar regions on RBD, different approaching 


angles caused a clash between LY-CoV555 CDR H3 
R493. (Right) B.1.1.529 substitutions involved in bin 
at the edge of its epitope, whereas both R493 and 


and B.1.1.529 substitution 
ding of A19-46.1 are only 
A484 locate in the middle 


of LY-CoV555 epitope. L452R substitution that elim 


inates A19-46.1 and 


not identify an amino acid change that affected 
its function. 

To understand the structural basis of class III 
antibody neutralization and viral escape, we 
determined the cryo-EM structure of WA-1 S2P 
in complex with Fab A19-61.1 (and Fab B1-182.1 
to aid EM resolution of local refinement) at 
2.83 A resolution (Fig. 5B, fig. S8, and table S1). 
The structure revealed that two RBDs were 
in the up-conformation with both antibodies 
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LY-CoV555 binding in other SARS-CoV-2 variants is in blue. 


bound, and the third RBD was in the down- 
position with only A19-61.1 bound, indicating 
that A19-61.1 could recognize RBD in both up 
and down conformation (Fig. 5B). Local refine- 
ment of the RBD-Fab A19-61.1 region showed 
that A19-61.1 targets the class III epitope with 
interactions provided by the 18-residue-long 
CDR H3 from the heavy chain and all CDRs 
from the light chain (Fig. 5B). Docking the 
A19-61.1 structure to the B.1.1.529 spike structure 


6 of 12 


RESEARCH | RESEARCH ARTICLE 


A Pseudotyped virus neutralization by A19-61.1, S309, CoV2-2130 and LY-CoV1404 of B.1.1.529 
with single-residue substitutions in RBD (ng/mL) 
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Fig. 5. Functional and structural basis of class III antibody binding, neu- 
tralization, and retained potency against the B.1.1.529 VOC. (A) Lentiviruses 
pseudotyped with SARS-CoV-2 spike proteins from D614G or D614G plus the 
indicated point substitutions found within the B.1.1.529 spike were incubated 

with serial dilutions of the indicated antibodies, and ICsg and ICgq values were 
determined. A19-61.1 and LY-COV1404 were assayed on 293T-ACE2 cells, whereas 
$309 and CoV2-2130 were tested on 293 flpin-TMPRSS2-ACE2 cells. Ranges 

are indicated with white (>10,000 ng/ml), light blue (>1000 to <10,000 ng/ml), 
yellow (>100 to <1000 ng/ml), orange (>50 to <100 ng/ml), red (>10 to <50 ng/ml), 
maroon (>1 to <10 ng/ml), and purple (<1 ng/ml). (B) Cryo-EM structure of 
SARS-CoV-2 WA-1 spike in complex with class | antibody B1-182.1 and class III 
antibody A19-61.1 at 2.83 A resolution. Overall density map is shown, with 
protomers in light green, gray, and wheat. Two RBDs are in the up conformation, 
with each binding both Fabs, and one RBD is in the down position, with A19-61.1 
bound. (Left) RBD. B1-182.1 and A19-61.1 are in olive and cyan, respectively. 
Structure of the RBD with both Fabs bound after local focused refinement is shown 
to the right in cartoon representation. (Middle) RBD is shown in green cartoon, 
and antibody light chains are in light blue. (Right) Epitope of A19-61.1 is shown as 
cyan surface on RBD, with interacting CDRs labeled. The contour level of cryo-EM 
map is 5.20. (€) Structural basis of B.1.1.529 resistance to A19-61.1. Mapping 

of the A19-61.1 epitope onto the B.1.1.529 RBD indicated that G446S clashed with 
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CDR H3 of A19-61.1. RBD is shown in green cartoon, with amino acid substitutions 
as red sticks, and epitope of A19-61.1 is the cyan surface. (D) Structural basis of 
CoV2-2130 neutralization of the B.1.1.529 VOC. Docking of the CoV2-2130 onto the 
B.1.1.529 RBD showed that Y50 in CDR L2 posed a minor clash with S446. RBD 

is shown in green cartoon, with amino acid substitutions as red sticks, and epitope 
of CoV2-2130 is the pink surface. (E) Structural basis of S309 neutralization of 
the B.1.1.529 VOC. Docked complex of S309 and B.1.1.529 RBD showed that 

the S371L/S373P/S375F Loop changed conformation, and the S371L substitution 
is adjacent to the S309 epitope, whereas the G339D substitution is located 
inside the epitope. D339 side-chain clashes with CDR H3 Y100. B.1.1.529 RBD is 
shown in green cartoon, with amino acid substitutions as red sticks, and WA-1 RBD 
is shown in gray cartoon. (F) Structural basis of LY-CoV1404 neutralization 

of the B.1.1.529 VOC. Docking of the LY-CoV1404 onto the B.1.1.529 RBD identified 
four amino acid substitutions in the epitope, with G446S causing a potential 
clash with CDR H2 R60. However, comparison of both LY-CoV1404—bound 

and -nonbound B.1.1.529 RBD indicated that the S446 loop has the flexibility to 
allow LY-CoV1404 binding. B.1.1.529 residues at LY-CoV1404 epitope are shown 
as red sticks, with corresponding WA-1 residues as green sticks. CDR H3 is 
shown in cartoon representation and colored magenta. (G) Overlay of epitope 
footprints of class Ill antibodies onto the B.1.1.529 RBD. Locations of amino acid 
substitutions in B.1.1.529 RBD are in red on the green surface. 


indicated that B.1.1.529 mutations S446, R493, 
and S496 might interfere with A19-61.1. Analy- 
sis of the side-chain interactions identified a 
clash between Y111 in CDR H3 and S446 in 
the RBD that could not be resolved with loop 
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flexibility (Fig. 5C), explaining the loss of A19- 
61.1 neutralization against G446S-containing 
SARS-CoV-2 variants. 

Neutralization assays indicated that among 
the class III antibodies, COV2-2130, S309, and 
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LY-CoV1404 showed variable neutralization 
potency against B.1.1.529. Docking indicated 
that CoV2-2130 targets an epitope very similar 
to A19-61.1, with interactions mainly mediated 
by its CDR L1 and L2 and avoiding close contact 
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with R493 and S496. However, the OH group 
of Y50 in CDR L2 showed a minor clash with 
$446 in RBD, which explains the structural 
basis for the partial conservation of neutrali- 
zation by CoV2-2130 (Fig. 5D). Antibody S309 
showed higher potency against B.1.1.529 than 
CoV2-2130. In a docked complex, the G339D 
mutation is located inside the epitope and 
clashes with CDR H3 Y100; however, the void 
space between S309 and RBD might accom- 
modate an alternate tyrosine rotamer. The 
$371L/S373P/S375F mutations changed the 
conformation of their residing loop and may 
push the glycan on N343 toward S309 to re- 
duce binding (Fig. 5E). LY-CoV1404 was not 
affected by B.1.1.529 mutations. Docking of the 
LY-CoV1404 onto the B.1.1.529 RBD identified 
four amino acid substitutions located at the 
edge of its epitope. Three of the residues— 
K440, R498, and Y501—only make limited 
side-chain interactions with LY-CoV1404. The 
fourth residue, G446S, caused a potential clash 
with CDR H2 R60. However, comparison of 
LY-CoV1404-bound and -nonbound RBD in- 
dicated that the loop containing S446 had 
conformational flexibility that could allow 
LY-CoV1404 binding (Fig. 5F). Overall, the 
epitopes to class III antibodies were mainly 


Fig. 6. Potent neutralization 
of SARS-CoV-2 B.1.1.529 using 


A Potent neutralization by antibody cocktails 


located on mutation-free RDB surfaces with 
edges contacting a few B.1.1.529 alterations 
(Fig. 5G). LY-CoV1404 retained high potency 
by accommodating all four B.1.1.529 alter- 
ations at the edge of its epitope by exploit- 
ing loop mobility or by minimizing side-chain 
interactions. 


Synergistic neutralization by the combination 
of B1-182-1 and A19-46.1 


We previously reported that the combination 
of B1-182.1 and either A19-46.1 or A19-61.1 
mitigated mutational escape in an in vitro virus 
escape assay (14), which suggests the possi- 
bility of synergistic neutralization. To look for 
other synergistic combinations, we determined 
the neutralization of B.1.1.529 pseudotyped 
viruses through clinically used cocktails or 
various combinations of B1-182.1, A19-46.1, 
A19-61.1, LY-CoV1404, ADG2, and S309. Of the 
10 combinations evaluated, only COV2-2196+ 
COV2-2130, B1-182.1+A19-46.1, and B1-182.1+ 
$309 neutralized B.1.1.529 with an apprecia- 
bly improved potency (ICso of 50.8, 28.3, and 
58.1 ng/ml, respectively) over the individual 
component antibodies (Fig. 6, A and B). Each 
of these included a VH-158 supersite antibody 
and showed a five- to 115-fold improvement 


over the component antibodies (Fig. 6B), sug- 
gesting an effect that is more than an additive 
for the specific combination against B.1.1.529. 

To understand the structural basis of the 
improved neutralization by the cocktail of B1- 
182.1 and A19-46.1, we determined the cryo-EM 
structure of the B.1.1.529 S2P spike in complex 
with Fabs of B1-182.1 and A19-46.1 at 3.86 A 
resolution (Fig. 6C, fig. S9, and table S1). Three- 
dimensional reconstruction revealed that the 
combination of these two antibodies induced 
the spike to a three-RBD-up conformation, 
with both Fabs bound to each RBD (although 
Fabs on one of the RBDs were lower in occu- 
pancy). The spike had a 1.6 A RMSD relative to 
the three-RBD-up WA-1 structure [Protein Data 
Bank (PDB) ID: 7KMS]. Overall, the structure 
showed that these two antibodies were capable 
of simultaneously recognizing the same RBD, 
and the combination increased the overall 
stoichiometry compared with two Fabs per 
trimer observed in the S2P-A19-46.1 structure 
described above. Of all the antibodies tested, 
all VH1-58-derived antibodies retained rea- 
sonable levels of neutralization against B.1.1.529, 
whereas some members of other antibody 
classes suffered complete loss of activity. 
VH1-58 antibodies have few alterations in 
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their B1.1.529 epitopes and can evolve means 
to alleviate the impact. We propose a model 
for the B1-182.1 and A19-46.1 cocktail, in which 
binding of the first antibody induces the spike 
into an RBD-up conformation and thereby fa- 
cilitates the binding of the second antibody 
that prefers the up conformation. This would 
kinetically favor an all-RBD-up state by “trap- 
ping” RBD in the up position and could lead 
to a synergistic increase in neutralization 
potency compared with that of the individual 
antibodies. This model of synergistic neutral- 
ization of Omicron-related viruses and other 
combinations of antibodies that target the 
RBD will need further investigation. 


Discussion 


SARS-CoV2 VOCs provide a window into the 
coevolution of key host-pathogen interactions 
between the viral spike, human ACE2 receptor, 
and humoral immune responses. The RBD is a 
major target for neutralizing antibodies in both 
convalescents and vaccinees. An understanding 
of how RBD mutations evolve may guide the 
development and maintenance of effective anti- 
body therapeutics and vaccines. 

We found that in the context of trimeric spike 
proteins, variant amino acid changes did not 
provide a biologically meaningful alteration in 
affinity to ACE2. When binding trimeric spike 
protein to immobilized ACE2, our analysis 
showed that the apparent affinity of B.1.1.529 
to ACE2 only changed approximately threefold 
compared with that of WA-1 (Kpapp = 3.8 nM 
versus 1.1 nM for WA-1), which is consistent 
with the 1.4-fold observed by Mannar et al. 
(2.1nM versus 3.0 nM) (27). When tested in 
the context of RBD, affinity to immobilized 
ACE2 also showed less than twofold variation 
between B.1.1.529 and WA-1 (22-25). This sug- 
gests that there is either no further fitness 
benefit to be gained by improving affinity, 
that affinity improving changes are being used 
to compensate for mutations that are delete- 
rious for ACE2 binding but allow immune 
escape, or both. 

Our findings for the class I VH1-58 supersite 
showed that B.1.1.529 acquires a series of muta- 
tions that are not individually deleterious yet 
bracket the antibody and reduce its potency. 
VH1-58 antibodies can alleviate the impact by 
reducing the size of CDR H3 residue 100C to 
avoid clashes from B.1.1.529 mutations. Because 
VH1-58 supersite are among the most potent 
and broadly neutralizing antibodies to SARS- 
CoV-2 (14, 30, 34, 45), our findings point the 
way toward structure-based designs of exist- 
ing antibodies to mitigate against amino acid 
changes at these positions. 

For the class II antibody A19-46.1, its pref- 
erence to RBD in the up-conformation is dif- 
ferent from LY-CoV555, which recognizes both 
RBD-up and -down conformation. The angle 
of approach and a long-CDR H3 allow A19-46.1 
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to target the mutation-free face on RBD and 
minimize contact with mutations on the RBD 
ridge of B.1.1.529. Comparing the effect of 
S371L on neutralization by A19-46.1 and LY- 
CoV555 (Fig. 4A) suggested that L371 (and 
potentially P373/F375) is critical for control- 
ling the RBD-up or -down conformation in 
B.1.1.529. This concept is supported by the 
finding that combination with a class I anti- 
body (such as B1-182.1) synergistically enhances 
A19-46.1 neutralization (Fig. 6A). 

For class II antibodies, only one prototype 
antibody showed complete loss of B.1.1.529 
neutralization. We determined that viral es- 
cape was mediated by the G446S amino acid 
change. This result indicates that potent 
class III antibodies might be induced through 
structure-based vaccine designs that mask res- 
idue 446 in RBD. Additionally, the existence of 
G446S-sensitive and -resistant antibodies with 
substantial epitope overlap suggest that spikes 
with the G446S substitution can be used to 
evaluate the quality of class III immune re- 
sponse in serum-based epitope mapping assays 
(46, 47). In addition, we found that although 
$309 is severely affected by the S371L mutation 
alone, it is rescued by compensating mutations 
in B.1.1.529. Similar but less severe results were 
recently reported for Brii-198 (48, 49). Taken 
together, this suggests that there may be a fit- 
ness advantage to the virus to maintain a sur- 
face that is compatible with S309 binding. 

Our analysis of antibodies of clinical im- 
portance is consistent with previous reports 
(37, 50-52) and showed that S309 and COV2- 
2196 neutralized B.1.1.529 to similar degrees. 
We report that unlike other antibodies, the 
highly potent LY-CoV14.04 does not lose neu- 
tralization potency against B.1.1.529. In addi- 
tion, most antibodies in our panel neutralized 
the recently described BA.2 Omicron variant 
(53) with similar potency (fig. S10, A and B). 
The exceptions were with the class III anti- 
bodies A19-61.1 and COV2-2130—which fully 
recovered their neutralization potency, poten- 
tially because of the absence of the G446S mu- 
tation in BA.2—and S309, which lost more 
than fivefold activity (fig. S10B). 

We identified combinations of antibodies 
that show more than additive increases in 
neutralization against B.1.1.529—including 
COV2-2196+COV2-2130, B1-182.1+A19-46.1, and 
B1-182.1+S309—and all but the B1-182.1+S309 
also show synergy against BA.2 (fig. SIOC). Each 
pair contains a VH1-58 supersite antibody that 
only binds RBD in the up position and have 
been shown to be able to bind to all three 
RBD-up protomers (/4). We speculate that 
antibodies that are not affected by S371L, 
such as VH1-58 mAbs, induce and stabilize 
the three-RBD-up conformation. This allows 
antibodies that prefer RBD-up conformation— 
and would otherwise be unable to break the 
RBD-down locking conformation imposed by 
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the mutations at 371, 373, and 375—to more 
efficiently bind. This identification of SARS- 
CoV-2 monoclonal antibodies that function 
cooperatively is similar to that seen previously 
for other viruses (54) and supports the con- 
cept of using combinations to both enhance 
potency and mitigate the risk of escape. 


Materials and methods 
Expression and purification of proteins 


Soluble 2P-stabilized SARS-CoV-2 spike pro- 
teins were expressed by transient transfection 
(6, 55). Briefly, plasmid was transfected using 
Expifectamine (Gibco, #A14525) into Expi293F 
cells (Gibco, #414527) and the cultures enhanced 
16 to 24 hours post-transfection. Following 4 
to 5 days incubations at 120 rotations per 
minute (rpm), 37°C, 9% CO2, supernatant was 
harvested, clarified via centrifugation, and buf- 
fer exchanged into 1X PBS. Protein of interests 
were then isolated by affinity chromatogra- 
phy using Ni-NTA resin (Roche, #589380101) 
followed by size exclusion chromatography 
on a Superose 6 increase 10/300 column (GE 
healthcare, #29091596)). 

Expression and purification of biotinylated 
S2P used in binding studies were produced by 
an in-column biotinylation method as previ- 
ously described (55). Using full-length SARS- 
Cov2 S and human ACE2 cDNA ORF clone 
vector (Sino Biological, #HG10108-CH) as the 
template to the ACE2 dimer proteins. The 
ACE2 PCR fragment (1~740aa) was digested 
with Xbal (New England Biolabs, #R3136S) and 
BamHI (New England Biolabs, #R0145S) and 
cloned into the VRC8400 with Avi-HRV3C- 
single chain-human Fc-his (6x) tag on the 
C-terminal. All constructs were confirmed by 
sequencing. Proteins were expressed in Expi293 
cells by transfection with expression vectors 
encoding corresponding genes. The transfected 
cells were cultured in shaker incubator at 
120 rpm, 37°C, 9% CO2 for 4 to ~5 days. Cul- 
ture supernatants were harvested and filtered, 
and proteins were purified through a Hispur 
Ni-NTA resin (Thermo Scientific, #88221) and 
following a Hiload 16/600 Superdex 200 column 
(GE healthcare, #28989335) according to man- 
ufacturer’s instructions. The protein purity was 
confirmed by means of SDS-polyacrylamide 
gel electrophoresis (SDS-PAGE). 


Synthesis, cloning and expression of 
monoclonal antibodies 


A19-46.1, A19-61.1, B1-182.1, and A23-58.1 were 
synthesized, cloned and expressed as an im- 
munoglobulin G1 (IgG1) containing an HRV3C 
protease site as previously reported (J4). For 
all other antibodies, variable lambda and kappa 
light chain sequences were human codon op- 
timized, synthesized and cloned into CMV/ 
R-based lambda or kappa chain expression 
vectors, as appropriate (Genscript). ADG2 
was kindly provided by Dr. Laura M Walker 


9 of 12 


RESEARCH | RESEARCH ARTICLE 


(Adagio Therapeutics, Waltham, MA) (28) and 
LY-CoV1404 by Dr. Stefanie Zentelis, Dr Emilie 
Lameignere and Kathryn Westendorf, MSc 
(AbCellera, Canada) (29). Previously published 
antibody vectors for LY-COV555 were used (37). 
For antibodies where vectors were unavailable 
(e.g., S309, CB6, REGN10933, REGN10987, 
COV2-2196, COV2-2130, CT-P59, C144, C135, 
S2E12) (12, 13, 26, 27, 30, 32-36), published 
amino acids sequences were used for synthesis 
and cloning into corresponding pVRC8400 
vectors (Genscript) (56, 57). For antibody ex- 
pression, equal amounts of heavy and light 
chain plasmid DNA were transfected into using 
Expi293 cells (Gibco, #A14527 by using Expi293 
transfection reagent (Gibco, #A14525). The 
transfected cells were cultured in shaker incu- 
bator at 120 rpm, 37°C, 9% COs for 4 to ~5 days. 
Culture supernatants were harvested and 
filtered, mAbs were purified over Protein A 
(Cytiva, #GE17-1279-03) columns. Each anti- 
body was eluted with IgG elution buffer (Pierce, 
#21009) and immediately neutralized with 
one tenth volume of 1M Tris-HCL pH 8.0. The 
antibodies were then buffer exchanged as least 
twice in PBS by dialysis. 


Full-length S constructs 


Codon optimized cDNAs encoding full-length 
S from SARS CoV-2 (GenBank ID: QHD43416.1) 
were synthesized, cloned into the mammalian 
expression vector VRC8400 (56, 57) and con- 
firmed by sequencing. S containing D614G 
amino acid change was generated using the wt 
S sequence. Other variants containing single 
or multiple aa changes in the S gene from the 
S wt or D614G were made by mutagenesis using 
QuickChange lightning Multi Site-Directed 
Mutagenesis Kit (Agilent, #210515,) or via syn- 
thesis and cloning (Genscript). The S variants 
tested are B.1.351 (LI8F, D80A, D215G, (L242- 
244)del, R246I, K417N, E484K, N501Y, A701V), 
P.1 (LI8F, T20N, P26S, D138Y, R190S, K417T, 
E484K, N5O1Y, D614G, H655Y, T1027I, V1176F), 
B.1.1.7 (H69del, V70del, Y144del, N501Y, A570D, 
D614G, P681H, T7161, S982A, D1118H), B.1.617.2 
(TI9R, G142D, E156del, F157del, R158G, L452R, 
T478K, D614G, P681R, D950N), B.1.1.529 (A67V, 
H69del, V70del, T95I, G14.2D, V143del, Y144del, 
Y145del, N211del, L2121, ins214EPE, G339D, 
S371L, $373P, S375F, K417N, N440K, G446S, 
S477N, T478K, E484A, Q493R, G496S, Q498R, 
N5O1Y, Y505H, T54’7K, D614G, H655Y, N679K, 
P681H, N764K, D796Y, N856K, Q954H, N969K, 
L981F). The S genes containing single RBD 
amino acid changes from the B.1.1.529 variant 
were generated based on D614G construct 
by mutagenesis. These full-length S plasmids 
were used for pseudovirus production and for 
cell surface binding assays. 


Generation of 293 Flpin-TMPRSS2-ACE2 cell line 


293 Flpin-TMPRSS2-ACE2 isogenic cell line 
was prepared by co-transfecting pCDNA5/ 
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FRT plasmid encoding TMPRSS2-T2A-ACE2 
and pOG44 plasmid encoding Flp recombi- 
nase in 293 Flpin parental cell line (Thermo 
Fisher, #R75007). Cells expressing TMPRSS2- 
ACE2 were selected using Hygromycin (Thermo 
Fisher, #10687010) at 100 micrograms/ml. 
TMPRSS2 and ACE2 expression profiles in 
293 Flpin-TMPSS2-ACE2 were characterized 
by flow cytometry using a mouse monoclonal 
antibody against TMPRSS2 (MillliporeSigma, 
#MABF2158-100UG) followed by an anti-mouse 
IgG1 APC conjugate (Jackson Laboratories, 
#115135164) and a molecular probe contain- 
ing the SARS-CoV-2 receptor binding domain 
tagged with biotin (Sino Biological, $40592- 
VO8B-B) followed by staining with a BV421 
conjugated streptavidin probe (BD Biosciences, 
#405225). 


Pseudovirus neutralization assay 


S-containing lentiviral pseudovirions were 
produced by co-transfection of packaging 
plasmid pCMVdR8.2, transducing plasmid 
DHR’ CMV-Luc, a TMPRSS2 plasmid and S 
plasmids from SARS CoV-2 variants into 293T 
cells using Lipofectamine 3000 transfection 
reagent (ThermoFisher Scientific, # L3000- 
001) (58, 59). 293T-ACE2 cells (provided by 
Dr. Michael Farzan) or 293 flpin-TMPRSS2- 
ACE2 cells were plated into 96-well white/ 
black Isoplates (PerkinElmer, #6005068) at 
75,00 cells per well the day before infection 
of SARS CoV-2 pseudovirus. Serial dilutions 
of mAbs were mixed with titrated pseudo- 
virus, incubated for 45 minutes at 37°C and 
added to cells in triplicate. 293 flpin-TMPRSS2- 
ACE2 cells were used for some of Class III 
antibodies like S309 and COV2-2130 while 
293T-ACE2 cells were used for the rest of anti- 
bodies. Following 2 hours of incubation, wells 
were replenished with 150 ml of fresh media. 
Cells were lysed 72 hours later, and luciferase 
activity was measured with Microbeta (Perking 
Elmer, #2450-0120). Percent neutralization and 
neutralization IC;9 and ICgo were calculated 
using GraphPad Prism 8.0.2. 


Cell surface binding 


HEK2938T cells were transiently transfected 
with plasmids encoding full length SARS 
CoV-2 spike variants using lipofectamine 3000 
(ThermoFisher, # L3000-001) following man- 
ufacturer’s protocol. After 40 hours, the cells 
were harvested and incubated with mono- 
clonal antibodies (0.5 ng/ml) or biotinylated- 
human ACE2 (Acro Biosystems, AC2-H82F9) 
for 30 minutes. After incubation with the anti- 
bodies or ACE2, the cells were washed and 
incubated with an allophycocyanin conjugated 
anti-human IgG (Jackson Immunoresearch 
Laboratories, #709-136-149) or BV421 conjugated 
streptavidin conjugate for another 30 minutes. 
The cells were then washed and fixed with 
1% paraformaldehyde (Electron Microscopy 
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Sciences, #15712-S). The samples were then 
acquired in a BD LSRFortessa X-50 flow cy- 
tometer (BD biosciences) and analyzed using 
Flowjo (BD biosciences). The concentration of 
ACE2, 10 ng/ml, was determined empirically 
by titration on WA-1 spike expressing cells. 
Spike expression level was determined using 
the SARS-CoV-2 S2 antibody, WS6, that binds 
to a conserved epitope in the stem-helix in 
each of the variants (60). A variant spike pro- 
tein expression adjustment factor (Ayariant) 
was calculated by dividing the mean fluores- 
cent intensity (MFI) for WS6 antibody bind- 
ing of a variant S by the MFI of WS6 binding 
to D614G S. Relative binding for antibodies 
or ACE2 was calculated with the following 
formula 


Ligand relative binding = 
Avariant X (MFI ligand to variant) 
Apeug X (MFI ligand to variant) 


x 100% 


where ligand is an antibody or ACE2 and var- 
iant is D614G, B.1.1.7, B.1.351, P.1, B.1.617.2 or 
B.1.1.529. The adjustment factor for the sham 
transfected cells was set to 1. 


Production of Fab fragments from 
monoclonal antibodies 


To generate mAb-Fab, IgG was incubated 
with HRV3C protease (EMD Millipore, #71493) 
at a ratio of 100 units per 10 mg IgG with 
HRV 3C Protease Cleavage Buffer (150 mM 
NaCl, 50 mM Tris-HCl, pH 7.5) at 4°C over- 
night. Fab was purified by collecting flow- 
through from Protein A column (GE Health 
Science), and Fab purity was confirmed by 
SDS-PAGE. 


Determination of binding kinetics of ACE2 


Binding kinetics and affinities of ACE2 to 
SARS-CoV-2 S2P variants were assessed by 
surface plasma resonance on a Biacore S-200 
(GE Healthcare) at 25°C in the HBS-EP+ buffer 
(10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM 
EDTA, and 0.05% surfactant P20). Fc-reactive 
anti-human IgG antibody (Cytiva, #BR100839) 
was coupled to a CM5 chip to approximately 
10,000 RU, and dimeric, Fc-tagged ACE2 
(ACRO Biosystems, AC2-H82F9) at 35 ug/ml 
was captured for 60 seconds at 10 pl/min toa 
response of approximately 200 RU. Serially 
diluted SARS-CoV-2 S2P variants starting at 
100 nM were flowed through the sample and 
reference channels for 180 seconds at 30 ul/min, 
followed by a 300 second dissociation phase 
at 30 uL/min. The chip was regenerated using 
3M MgCl, for 30 seconds at 50 pl/min. Blank 
sensorgrams were obtained with HBS-EP+ 
buffer. Blank-corrected sensorgrams of the 
S2P concentration series were fitted globally 
with Biacore S200 evaluation software using 
a 1:1 model of binding. Plots were generated 
using GraphPad Prism. 
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Cryo-EM specimen preparation and 

data collection 

Cryo-EM grids for the B.1.1.529 spike stabi- 
lized with the “2P” mutations were prepared 
at 0.5 mg/ml in a buffer containing 10 mM 
HEPES, pH 7.5 and 150 mM NaCl. For the 
spike-Fab complexes, the stabilized SARS- 
CoV-2 spikes of B.1.1.529 or WA-Iwerel. were 
mixed with Fab or Fab combinations at a molar 
ratio of 1.2 Fab per protomer in PBS with final 
spike protein concentration at 0.5 mg/ml. 
n-Dodecyl B-D-maltoside (DDM) detergent 
was added to the protein complex mixtures 
shortly before vitrification to a concentra- 
tion of 0.005%. Quantifoil R 2/2 gold grids 
were subjected to glow discharging in a PELCO 
easiGlow device (air pressure: 0.39 mBar, 
current: 20 mA, duration: 30 s) immediately 
before specimen preparation. Cryo-EM grids 
were prepared using an FEI Vitrobot Mark IV 
plunger with the following settings: chamber 
temperature of 4°C, chamber humidity of 95%, 
blotting force of -5, blotting time of 2 to 3.5 s, 
and drop volume of 2.7 ul. Datasets were 
collected at the National CryoEM Facility 
(NCEF), National Cancer Institute, on a Thermo 
Scientific Titan Krios G3 electron microscope 
equipped with a Gatan Quantum GIF energy 
filter (slit width: 20 eV) and a Gatan K3 direct 
electron detector (table $2). Four movies per 
hole were recorded in the counting mode 
using Latitude software. The dose rate was 
14.65 e-/s/pixel. 


Cryo-EM data processing and model fitting 


Data process workflow, including motion cor- 
rection, CTF estimation, particle picking and 
extraction, 2D classification, ab initio recon- 
struction, homogeneous refinement, heteroge- 
neous refinement, non-uniform refinement, 
local refinement and local resolution estima- 
tion, were carried out with Cl symmetry in 
cryoSPARC 3.3 (61). The overall resolution was 
3.29 A for the map of B.1.1.529 spike alone 
structure, 3.85 A for the map of B.1.1.529 spike 
in complex with A19-46.1, 2.83 A for the map 
of WA-1 spike in complex with A19-61.1 and 
B1-182.1, and 3.86A for the map of B.1.1.529 
spike in complex with A19-46.1 and B1-182.1. 
The coordinates of the SARS-CoV-2 spike and 
Fab B1-182.1 in PDB ID: 7MMO were used as 
initial models for fitting the cryo-EM maps. 
Outputs from AlphaFold 2.0 modelling were 
used as initial models for Fab A19-46.1 and 
Fab A19-61.1. To resolve the RBD-antibody 
interface, local refinements were performed, a 
mask for the entire spike-antibody complex 
without the RBD-antibody region was used 
to extract the particles and a mask encompass- 
ing the RBD-antibody region was used for 
refinement. Local refinements of the Fab A19- 
46.1 and B.1.1.529 RBD interface and the Fab 
A19-46.1, Fab B1-182.1 and B.1.1.529 RBD 
interface resulted 4.68 A and 4.83 A maps, 
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respectively, which enabled the definition of 
the backbone. However, the side chains were 
not fully resolved. Iterative manual model 
building and real-space refinement were 
carried out in Coot (48) and in Phenix (62), 
respectively. Molprobity (63) was used to vali- 
date geometry and check structure quality 
at each iteration step. UCSF Chimera and 
ChimeraX were used for map fitting and 
manipulation (64). 


Differential scanning calorimetry (DSC) 


DSC measurements were performed using a 
VP-ITC (Microcal) instrument. Spike samples 
were diluted to 0.125mg/ml in PBS and scanned 
from 20 to 95°C at a rate of 1°C per minute. 
Thermal denaturation (7,,) temperature and 
total enthalpy of unfolding was calculated 
using the Microcal analysis system in Origin. 


Biolayer interferometry binding assay 


The antibody binding panel was performed on 
a FortéBio Octet HTX instrument with black, 
tilted 384-well plates (Greiner Bio-One). All 
steps of pre-soaking, binding and dissocia- 
tion were performed in PBS with 1% BSA at 
pH 7.4. IgGs and dACE2-Fc were loaded onto 
Anti-Human Fc Sensor Tips (FortéBio) at a 
concentration of 1-4ug/ml, resulting in a load 
response of 0.85-1.5 nm. The plates were agi- 
tated at 1,000 rpm and the experiment run at 
30°C. Antibodies and ACE2 were loaded onto 
the tips for 2 minutes, bound to 100nM S2P 
protein for 5 minutes and dissociated in buffer 
for 5 minutes. Reference well subtraction was 
performed with the Data Analysis Software HT 
v12.0 (FortéBio). The graphs were generated in 
GraphPad Prism. 
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Can behavioral interventions be too salient? 
Evidence from traffic safety messages 


Jonathan D. Hall and Joshua M. Madsen* 


INTRODUCTION: Policy-makers are increasingly 
turning to behavioral interventions such as 
nudges and informational campaigns to ad- 
dress a variety of issues. Guidebooks say that 
these interventions should “seize people’s at- 
tention” at a time when they can take the 
desired action, but little consideration has been 
given to the costs of seizing one’s attention and 
to the possibility that these interventions may 
crowd out other, more important, consider- 
ations. We estimated these costs in the context 
of a widespread, seemingly innocuous behav- 
ioral campaign with the stated objective of re- 
ducing traffic crashes. This campaign displays 
the year-to-date number of statewide roadside 
fatalities (fatality messages) on previously in- 
stalled highway dynamic message signs (DMSs) 
and has been implemented in 28 US states. 


RATIONALE: We estimated the impact of dis- 
playing fatality messages using data from 
Texas. Texas provides an ideal setting because the 
Texas Department of Transportation (TxDOT) 
decided to show fatality messages starting in 


August 2012 for 1 week each month: the week 
before TxDOT’s monthly board meeting (cam- 
paign weeks). This allows us to measure the 
impact of the intervention, holding fixed the 
road segment, year, month, day of week, and 
time of day. We used data on 880 DMSs 
and all crashes occurring in Texas between 
1 January 2010 and 31 December 2017 to in- 
vestigate the effects of this safety campaign. We 
estimated how the intervention affects crashes 
near DMSs as well as statewide. As placebo 
tests, we estimated whether the chosen weeks 
inherently differ using data from before TxDOT 
started displaying fatality messages and data 
from upstream of DMSs. 


RESULTS: Contrary to policy-makers’ expec- 
tations, we found that displaying fatality mes- 
sages increases the number of traffic crashes. 
Campaign weeks realize a 1.52% increase in 
crashes within 5 km of DMSs, slightly dimin- 
ishing to a 1.35% increase over the 10 km 
after DMSs. We used instrumental variables 
to recover the effect of displaying a fatality 


Displaying death counts causes 4.5% more crashes within 10 km 


1669 DEATHS 
THIS YEAR ON 


TEXAS ROADS 


Why? It distracts drivers 


Key lessons for behavioral 
campaigns 


Displaying death counts 
causes crashes. 


Grabbing too much 
attention is dangerous. 


How we know it distracts drivers: 


displayed is larger... 


and when road segments are 
more complex. 


Effect is immediate and 
decreases over distance... 


Gay gan and increases multi-vehicle, but 
— ap not single-vehicle, crashes. 


Effect is larger when the number 


People don't habituate 
to nudges. 


— Impact does not persist 
after treatment stops. 
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Evaluate new policies. Good 
intentions don't always lead 
to good outcomes. 


A traffic safety campaign that leads to more crashes. 
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message and document a significant 4.5% 
increase in the number of crashes over 10 km. 
The effect of displaying fatality messages is 
comparable to raising the speed limit by 3 to 
5 miles per hour or reducing the number of 
highway troopers by 6 to 14%. We also found 
that the total number of statewide on-highway 
crashes is higher during campaign weeks. 
The social costs of these fatality messages are 
large: Back-of-the-envelope calculations suggest 
that this campaign causes an additional 2600 
crashes and 16 fatalities per year in Texas alone, 
with a social cost of $377 million per year. 

Our proposed explanation for this surpris- 
ing finding is that these “in-your-face,” “sober- 
ing,” negatively framed messages seize too 
much attention (i.e., are too salient), interfer- 
ing with drivers’ ability to respond to changes 
in traffic conditions. Supporting this explana- 
tion, we found that displaying a higher fatality 
count (i.e., a plausibly more attention-grabbing 
statistic) causes more crashes than displaying 
a small one, that fatality messages are more 
harmful when displayed on more complex road 
segments, that fatality messages increase 
multi-vehicle crashes (but not single-vehicle 
crashes), and that the impact is largest close 
to DMSs and decreases over longer distances. 
We discuss seven alternative hypotheses, in- 
cluding the possibilities that treated weeks are 
inherently more dangerous and that fatality 
messages help in the long run. We provide 
evidence inconsistent with each alternative 
hypothesis. 


CONCLUSION: Our study highlights five key 
lessons. First, and most directly, fatality 
message campaigns increase the number of 
crashes, so ceasing these campaigns is a low- 
cost way to improve traffic safety. Second, 
behavioral interventions can be too salient, 
crowding out more essential considerations 
and causing the intervention to backfire with 
costly consequences. Thus the message, de- 
livery, and timing of behavioral interventions 
should be carefully designed so they are not 
too salient relative to individuals’ cognitive 
loads when the intervention occurs. Third, 
individuals don’t necessarily habituate to be- 
havioral interventions, even after years of 
treatment. Fourth, the effects of interventions 
do not necessarily persist after treatment stops. 
Finally, it is important to measure an inter- 
vention’s effect, even for simple interventions, 
because good intentions do not necessarily 
imply good outcomes. 
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Although behavioral interventions are designed to seize attention, little consideration has been given to 
the costs of doing so. We estimated these costs in the context of a safety campaign that, to encourage 
safe driving, displays traffic fatality counts on highway dynamic message signs for 1 week each month. 
We found that crashes increase statewide during campaign weeks, which is inconsistent with any 
benefits. Furthermore, these effects do not persist beyond campaign weeks. Our results show that 
behavioral interventions, particularly negatively framed ones, can be too salient, crowding out more 
important considerations and causing interventions to backfire—with costly consequences. 


here is growing interest among aca- 

demics and policy-makers in using beha- 

vioral interventions as a low-cost and 

easy-to-implement way of encouraging 

socially desirable behaviors. Reflecting 
this interest, such interventions are now used 
by >200 governments and institutions world- 
wide to address a variety of issues, including 
voter turnout, charitable giving, retirement 
savings, water conservation, energy conser- 
vation, hand washing, caloric intake, diarrhea, 
and risky sexual behavior (J-3). Many of these 
interventions are expressly designed to “seize 
people’s attention” at a time when they can 
make the desired action (4), a characteristic 
that we refer to as salience (5-7). However, 
little consideration has been given to indi- 
viduals’ cognitive constraints and to the pos- 
sibility that seizing one’s attention may crowd 
out other, more important considerations (such 
as focusing on the task at hand). 

Our context is a seemingly innocuous be- 
havioral campaign with the stated objective 
of reducing traffic crashes, the leading cause 
of death for 5- to 45-year-olds in the United 
States and worldwide (8, 9). This campaign 
displays the year-to-date count of statewide 
roadside fatalities on previously installed 
dynamic message signs (DMSs) (e.g., “1669 
deaths this year on Texas roads”; fig. S1). 
These fatality messages are expressly designed 
to be salient, with official statements expres- 
sing the “hope” that these “in-your-face” safety 
messages will “motivate motorists to exercise 
caution behind the wheel” and that a “sober- 
ing new message ... will [hopefully] help save 
lives” (10, 17). Because of its low cost and ease 
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of implementation, this campaign has spread 
to at least 28 US states since 2012 and affected 
>100 million drivers (72). 

This campaign is widely believed to be ef- 
fective. For instance, in Illinois, the decision to 
start displaying fatality messages was unan- 
imously supported by the Department of 
Transportation, the State Police, and the De- 
partment of Public Health (73). Many drivers 
also believe that fatality statistics make safety 
messages more effective (/4, 15). Belief in the 
effectiveness of these messages is likely a 
factor in their rapid spread. 

One key challenge when measuring the ef- 
fect of fatality messages on crashes is that they 
are frequently displayed during safer times, 
when the DMS is not being used for more 
pressing concerns (e.g., travel times and crash 
alerts), biasing any naive analysis toward find- 
ing a lower frequency of crashes when fatality 
messages are displayed (/6). 

The State of Texas provides a unique setting 
in which to overcome this challenge. Unlike 
most states, the Texas Department of Trans- 
portation (TxDOT) displays the current state- 
wide fatality count only 1 week each month: 
the week before TxDOT’s monthly board meet- 
ing. Although more important messages re- 
gularly preempt the fatality message, traffic 
engineers are instructed that along corridors 
with a large number of DMSs, “the fatality 
message should be displayed on a few [DMSs]” 
(fig. S2). We confirmed that fatality messages 
concentrate in the designated weeks and used 
this assignment to treatment to estimate the 
effect of fatality messages on traffic crashes. 

We estimated the effect of displaying fatality 
messages relative to the status quo usage of 
DMSs by comparing how the number of 
crashes downstream of a DMS differs the 
week before a TxDOT board meeting (“cam- 
paign week”) relative to the same road seg- 
ment the rest of the month. We conducted our 
analysis at the segment-hour level and in- 
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cluded an extensive fixed-effect structure to 
control for inherent variation in crash risk 
across different segments over time and 
throughout each day. As such, our estimates 
compare, for example, the number of crashes 
within 10 km downstream of a DMS from 2:00 
to 3:00 p.m. on Thursday, 18 July 2013 (which 
occurred during the week before a board 
meeting) against the number of crashes on 
the same road segment from 2:00 to 3:00 p.m. 
on the other three Thursdays in July 2013. 

We conducted two tests to address the pos- 
sibility that the weeks before TxDOT board 
meetings are inherently more dangerous than 
other weeks within the same month. First, 
we estimated the change in crashes occur- 
ring upstream of DMSs. Second, we estimated 
a placebo effect using data from before TxDOT 
began displaying fatality messages. 

Our main results are difference-in-differences 
estimates that exploit both within-month 
variation in when fatality messages are in- 
structed to be displayed (campaign weeks 
versus other weeks) and differences between 
the pretreatment (January 2010 to July 2012) 
and treatment (August 2012 to December 
2017) periods. 


Results 


We begin with univariate analyses document- 
ing an increase in crashes the week before a 
board meeting (when fatality messages are 
displayed) relative to other weeks. We then 
show that these results hold in first-difference 
and difference-in-differences multivariate analy- 
ses after controlling for weather, holidays, and 
segment-year-month-time-of-day-day-of-week 
fixed effects. We conclude by estimating the 
impact of displaying a fatality message using 
instrumental variables and show that the 
impact of campaign weeks has not dissipated 
over time. 


Univariate results 


Figure 1 shows that there are more crashes 
downstream of DMSs during campaign weeks 
than in other weeks. Specifically, the circles 
plot the percentage difference in the average 
number of crashes occurring during cam- 
paign weeks versus other weeks over the 
segments [0,1], (-4], (4-7], and (7-10] km 
downstream of DMSs. We found that there 
are more crashes during campaign weeks, 
with the largest effect being a 2.7% increase 
over the first kilometer (P = 0.012). This 
effect diminishes to a 1.8% increase over the 
(7-10] km interval (P < 0.001). 

The results shown in Fig. 1 suggest that 
although the estimated effect diminishes over 
longer distances, it does not decay to 0. We 
conjectured that the increase in crashes over 
distances farther away from DMSs is caused 
by subsequent treatment by downstream DMSs. 
To map out the impact of fatality messages in 
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Fig. 1. Effect of fatality message on crashes by distance from DMS: Univariate. Shown is the percent 
change in the number of crashes on Texas highways during weeks that precede TxDOT board meetings 
(campaign weeks) relative to all other weeks. Highway crashes are measured over hour h of day d over 
distance x (relative to DMS s) and are indicated on the x-axis. The circles plot the difference in the average 
number of crashes during campaign weeks and all other hours and the associated 95% confidence intervals 
(bars). The hollow squares plot the difference in the average number of crashes for the sample of DMSs 
with no downstream DMS within x km; that is, for the distance (1,4], the closest downstream DMS is 24 km 
away. We scaled crash counts by the population average for all segments of the same distance x and 
multiplied by 100. Standard errors are clustered by geography-year-month, where geography indicates a bin 
of size x* km? containing the DMS. The sample period is August 2012 to December 2017. 


the absence of subsequent treatments, the 
hollow squares in Fig. 1 plot univariate dif- 
ferences in crash rates for the subset of DMSs 
in which there are no downstream DMSs 
within x km. We found that for DMSs with no 
downstream DMS within 7 or 10 km, the effect 
over distances (4,7] and (7,10] km becomes 
statistically insignificant, respectively. These 
results suggest that the immediate increase in 
crashes in response to the fatality message 
is short lived and concentrated after DMSs. 
We next conducted two placebo tests to 
address the possibility that the week before 
board meetings is inherently more danger- 
ous than other weeks. First, we examined the 
change in crashes upstream of DMSs. Because 
a segment upstream of one DMS may be 
downstream of another, we limited this test 
to DMSs in which the nearest upstream DMS 
is >10 km away (reducing our sample by 75%). 
As shown in fig. S3A, we found no upstream 
effect for this restricted sample. All but one 
of the downstream estimates is >0, with a 1.7% 
increase over the (7-10] km downstream of 
DMSs (P = 0.018). The lack of a significant 
upstream effect for this subsample of DMSs is 
consistent with fatality messages driving the 
increase in crashes, although we caution that 
we have less power to measure an effect on 
this nonrandom sample of DMSs, which 
mostly include DMSs on the edge of cities 
or in rural areas. Second, we estimated the 
change in crashes during the week before a 
TxDOT board meeting for the pretreatment 
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period. As shown in fig. S3B, we found neither 
a downstream effect nor a positive upstream 
effect during this period. 


Multivariate results 


We next show that these results hold when 
using more rigorous specifications that adjust 
for weather, holidays, and segment-year-month- 
time-of-day-day-of-week fixed effects. We start 
with first-difference estimates, finding that the 
more rigorous specification reduces the treat- 
ment effect by up to 50% (fig. S4). Multivariate 
versions of our two placebo tests produce sim- 
ilar results (fig. S5). 

Table 1 reports our main results: difference- 
in-differences estimates that account for the 
uncertainty in whether the week before a 
board meeting is inherently more dangerous. 
Each column in Table 1 reports results for dif- 
ferent highway segment lengths. The first row, 
“campaign week x post,” estimates the treat- 
ment effect of fatality messages. We found 
that within 5 km of a DMS, there is a 1.52% 
increase in the number of crashes per hour 
(P = 0.025), slightly diminishing to a 1.35% 
increase over the 10 km after DMSs (P = 
0.025). Within 3 km, the effect is positive 
but not statistically significant. The second 
row, “campaign week,” estimates the change in 
the number of crashes 1 week before board 
meetings from January 2010 to August 2012. 
Because this period predates the fatality safety 
campaigns, we expected and indeed found no 
effect (consistent with fig. S5B); these estimates 
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are both small and statistically insignificant. 
table S2 presents similar findings separately 
analyzing both pretreatment and treatment 
periods. 

Our estimated magnitudes are large given 
the intervention’s simplicity and are estimates 
of the impact of campaign weeks on crashes. 
Because of imperfect compliance and compet- 
ing demands, traffic engineers do not display 
fatality messages on all DMS hours during 
campaign weeks, implying that the effect of 
displaying a fatality message on a DMS is even 
larger. We used two-sample instrumental va- 
riables to estimate the effect of displaying a 
fatality message on the number of crashes 
downstream of a DMS. The first-stage regres- 
sion was run on the subsample for which we 
have DMS log files, and the second-stage 
regression was run on the full sample. We 
bootstrapped standard errors. The first-stage 
results are presented in table S3, and the 
second-stage results are presented in table S4. 
We found that displaying a fatality message 
results in a positive but insignificant increase in 
crashes over the first 3 km. Consistent with our 
earlier results, we found a larger and statisti- 
cally significant 5% increase in the number of 
crashes over 5 km and a slightly smaller in- 
crease of 4.5% over 10 km when fatality mes- 
sages are displayed. These magnitudes are 
comparable to increasing the speed limit by 
3 to 5 miles per hour (J7) or reducing the 
number of highway troopers by 6 to 14% (18). 

We found no evidence that the effect of dis- 
playing a fatality message has dissipated over 
time. Figure 2 plots coefficient estimates when 
the treatment effect is allowed to vary each 
year, using 2011 as the base year. We found 
that the treatment effect does not change from 
2010 to 2012 (generally the pretreatment 
period). For all years after 2012 except 2016, 
the estimated coefficient is positive, with P 
ranging from 0.018 to 0.068 (19). 

As described in the supplementary text, sec- 
tion S2, we found no evidence that the types of 
vehicles or drivers (by age and gender) involved 
in crashes differ during campaign weeks. 


Mechanism 


We have shown that displaying fatality mes- 
sages on DMSs increases the number of crashes. 
In this section, we investigate the mechanism 
for this increase. A large body of research 
documents that attention and working memory 
are scarce resources, and that distractions create 
extraneous cognitive load that hampers indi- 
viduals’ ability to process new information 
(7, 20-22). Examples include longer response 
times, more mistakes, and failure to process 
available information (23-25). Fatality mes- 
sages plausibly add greater cognitive load 
than a typical DMS message because they are 
designed to be more salient than the typical 
message and (intentionally) communicate that 
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Table 1. Effect of fatality messages on crashes. Shown are estimates of the effect of campaign 
weeks on traffic crashes. The sample period is 1 January 2010 through 31 December 2017. The 
dependent variable is the number of crashes occurring on highway segment s of length x km on date 
d during hour h, scaled by the population average for all segments of length x and multiplied by 100. 
Highway segments begin at each DMS located on a highway and continue for x km of highway driving 
distance, where x € {3,5,10}, and are denoted in the column headers. We used as our primary right- 
side variable campaign weekg,, an indicator variable for whether day d and hour h fell within a 
campaign week. The variable post, indicates observations after 1 August 2012. We include, but do not 
tabulate, indicators for whether either trace precipitation or more than trace precipitation was 
measured on segment s during hour h, using data from the closest weather station (trace 
precipitation, ¢, and precipitation, g,, respectively) and interactions between these measures and 
posty. We also include segment-year-month-day-of-week-hour (S-Y-M-D-H) and holiday fixed effects 
(FE). Standard errors are clustered by geography-year-month and are shown in parentheses, where 
geography indicates a bin of size x* km? containing the DMS. **P < 0.05. The equation used was as follows, 
where dow(d) is the day of the week associated with day d: crash(%)<..q,n = 5 * campaign weekg,, * posty + 
B, * campaign week,,, + Bz * trace precipitation, g, + B3 * trace precipitation, g, * poSty + By * 
precipitations a” + Bs ° precipitations an ° POSty + Ysm(a),dow(a),h + Sholiday + Es,a,h 
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Fig. 2. Effect of fatality messages on crashes by year. Shown are the §; coefficient estimates (circles) 
and the associated 95% confidence intervals (bars) from the regression below that allows the treatment 
effect to vary by year. Treatment effects are estimated relative to the treatment effect in 2011. The 
dependent variable, crash(%)s10),a,n, is the scaled number of crashes occurring on day d during hour 
h over the 10 km downstream of DMS s; campaign weekq,, is an indicator variable for whether day d and hour 
h fell within a campaign week; and yearg; is an indicator variable if day d was in year i. Standard errors 
are clustered by geography-year-month bins, where geography bins are defined as the 107 km? containing the 
DMS. The dotted vertical line indicates that treatment started in August 2012. The equation used was as 
follows, where dow(d) is the day of the week associated with day d: crash(%)<c10),¢,h = &° 
ie{2010, 2012, ..., 2017} 
campaign weekg;, * yeatg; + By * Campaign weekg,, + Bz * trace precipitation, 4, + B3 ° precipitation, a, + 
Ys,m(d),dow(d),h if Chotiday + Es.dih 
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driving can be deadly (i.e., a negatively framed 
message). Relative to other messages, fatal- 
ity messages may thus add more to drivers’ 
cognitive loads by inducing anxiety about 
death. Psychologists have documented that 
high levels of anxiety or arousal can worsen 
performance on a variety of tasks by causing 
individuals to focus on the risk rather than 
on the task and causing some to overthink their 
actions, overriding faster automatic responses 
(26, 27). We thus hypothesized that fatality 
messages temporarily increase drivers’ cog- 
nitive loads, reducing their ability to safely 
and quickly respond to changes in traffic con- 
ditions (e.g., stay in lane, maintain proper 
distance, respond to a vehicle changing lanes) 
and making them more likely to be involved 
in acrash. For conciseness, we refer to this as 
“distraction.” We provide eight pieces of evi- 
dence supporting this hypothesis, focusing 
on the treatment effect on crashes occurring 
within 10 km of a DMS. 

Our first piece of evidence supporting the 
distraction hypothesis is that the harm done 
by the fatality message is larger when the 
reported number of statewide deaths is larger, 
suggesting that bigger fatality statistics are more 
salient and distracting than smaller ones. We 
estimated a regression that allows the effect 
of campaign weeks to vary by the quartile of 
reported deaths. Figure 3 plots these results. 
When the number of reported deaths is 
small, displaying a fatality message decreases 
the number of crashes by 2.8% (P = 0.024). 
However, as the number of reported deaths 
increases, the effect of displaying a fatality 
message on crashes grows more harmful, reach- 
ing a 5.0% increase (P = 0.003). 

Second, and closely related, the harm done 
by the fatality message increases throughout 
the year. Because the number of deaths re- 
ported mechanically climbs throughout the 
year, showing an increase in crashes through- 
out the year is an alternate way of showing 
that increases in the displayed number of 
deaths lead to more crashes. Figure 4 plots 
our difference-in-differences estimates of the 
treatment effect by calendar month. We found 
that displaying a fatality message in February, 
when the number of deaths displayed resets 
(January displays the prior year’s total), re- 
duces crashes by 3.4% (P = 0.113); this effect 
then worsens throughout the year. From 
October through January, the effect is positive 
and statistically significant. In supplemen- 
tary text, section S3, we discuss possible reasons 
why June, July, and August deviate from this 
pattern. 

Third, as Fig. 4 shows, the effect of dis- 
playing a fatality message drops 11 percent- 
age points between January and February, 
when the displayed number of deaths resets. 
This significant change supports the hypoth- 
esis that the number displayed matters and 
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that larger fatality numbers are more dis- 
tracting and is inconsistent with the varia- 
tion over the year simply being due to 
seasonal weather or driving patterns. 

Fourth, the increase in crashes is larger in 
areas that place high cognitive loads on 
drivers. We used three related measures for 
whether a road segment is complex and would 
require high cognitive loads: centerline kilo- 
meters, lane kilometers, and average daily 
vehicle kilometers traveled (VKTs) (28). We 
normalized these measures to have a mean 
of 0 and a standard deviation of 1, and inter- 
acted them with our treatment variable. As 
columns 1 to 3 of Table 2 show, we found 
that all three measures of complexity are 
associated with more crashes during cam- 
paign weeks. The first row shows that a 
1 standard deviation increase in any of our 
measures of complexity is associated with 
2.1 to 3.1% more crashes during treated weeks. 
The second row shows that for road segments 
of average complexity, displaying a fatality mes- 
sage is also associated with more crashes 
(statistically significant when complexity was 
measured using centerline kilometers). The 
third and fourth rows show that, as expected, 
these measures are not associated with an 
increase in crashes during the week before a 
board meeting in the pretreatment period. 
Table S5 reports results using an indicator 
for whether each complexity measure is above 
or below the median, rather than using a con- 
tinuous measure of complexity, and produces 
similar results. 

Fifth, and closely related, the increase in 
crashes is higher on segments with nearby 
upstream DMSs. We measured the distance 
(on the road network) to the nearest upstream 
DMS, standardized this measure to have a 
mean of 0 and a standard deviation of 1, and 
multiplied by -1 so that the measure is in- 
creasing in proximity to an upstream DMS. As 
column 4 of Table 2 shows, fatality messages 
displayed on DMSs with an average proxi- 
mity to an upstream DMS are associated with 
a 1.35% increase in crashes (P = 0.024), and 
increasing the closeness of the nearest up- 
stream DMS by 1 standard deviation is asso- 
ciated with an incremental 0.6% increase in 
crashes (P = 0.026). 

This fifth finding is consistent with three 
explanations. First, it is consistent with fatality 
messages having larger effects when drivers 
face high cognitive loads, because drivers have 
likely seen multiple DMS messages on these 
segments. Second, it is consistent with an 
effect caused by repeated exposures either 
because it means that more drivers have seen 
the message at least once, distracting multiple 
drivers, or because seeing a fatality message 
repeatedly in quick succession increases the 
message’s salience (and cognitive load). Final- 
ly, an increase in crashes on segments with 
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Table 2. Effect of fatality messages on crashes: Segment characteristics. Shown are estimates 
of how the effect of campaign weeks on traffic crashes varies by segment characteristics. “Measure” 
is one of the following characteristics of segment s (as indicated in the column header) standardized 
to have a mean of O and a standard deviation of 1: Centerline km, Lane km, VKT, and DMS proximity. 
See Table 1 for additional details and table S9 for detailed variable definitions. Standard errors are 
clustered by geography-year-month and are shown in parentheses. ***P < 0.01; **P < 0.05. The 
equation used was as follows: crash(%)<(10),¢,h = 61 * Campaign weekg,, * Measures * post + 2 ° 
campaign weekg,, * post + B; * campaign week, * measure, + Bo * campaign weeky,, + B3 * trace 
precipitation, q, + B4 * trace precipitations q, * posty + Bs * precipitations gn + Be * precipitations ap * 


posty + Ys.m(a).dow(a),h + holiday + €s,d,h 


Centerline km 
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Table 3. Effect of fatality messages by crash types. Shown are estimates of the effect of 
campaign weeks on single- and multi-vehicle crashes. The dependent variable is the number of 
crashes occurring over the 10 km downstream of DMS s on date d during hour h of a specific type, 
scaled by the population average for all segments of that type and multiplied by 100. See Table 1 for 
additional details. Standard errors are clustered by geography-year-month and are shown in 
parentheses. **P < 0.05. The equation used was as follows: crash(%).<(10),a,h = 5 * campaign weekgp * 
posty + B; * campaign weekg,, + Bo * trace precipitation, 4, + Bg * trace precipitation, gp * posty + B4 
* precipitation, + Bs * precipitations ah * Posty + Ysm(a)dow(a).h * Sholiday + Es,a,h 
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Crashes per hour (%) 


Single-vehicle 


-0.26 (1.59) 


Holiday FE 


nearby upstream DMSs is also consistent with 
treatment mattering, because at least one of 
these DMSs is likely to have displayed a 
fatality message. 

Sixth, fatality messages increase multi-vehicle 
crashes but not single-vehicle crashes. In 
Table 3, we separately examined whether multi- 
and single-vehicle crashes change the week 
before a board meeting. We found a 1.60% 
increase in crashes involving multiple vehicles 
(P = 0.011) and an insignificant change in 
crashes involving single vehicles. Because single- 
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vehicle crashes are likely a result of large 
mistakes (e.g., driving off the road), the in- 
crease in multi-vehicle crashes suggests that 
more small driving mistakes occur when 
fatality messages are displayed that are plau- 
sibly related to distracted driving (e.g., drifting 
out of the lane). An increase in multi-vehicle 
crashes is also consistent with fatality mes- 
sages inducing more anxiety, and thus being 
more distracting, when driving conditions 
could be perceived as more dangerous (i.e., 
when other vehicles are nearby). 
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Seventh, the concentrated effect immediately 
after DMSs and decreasing effect size over 
longer distances previously documented is 
consistent with a temporary distraction ef- 
fect. Prior research finds that the time to 
resume a task after an interruption increases 
with the complexity of the interruption (29). 
Shocking, salient fatality messages plausibly 
present such interruptions, and drivers are 
expected to eventually regain their ability to 
safely respond to changes in traffic condi- 
tions. At 100 km/h (62 mph, normal highway 
speeds), a driver will travel 5 km in 3 min. 
Our evidence thus suggests that the distract- 
ing effect of fatality messages lasts for more 
than a trivial amount of time, but that drivers 
do recover. 

Finally, our proposed mechanism is consist- 
ent with evidence from the traffic safety 
literature. Most directly related, Shealy et al. 
(15) found, in a laboratory setting, that show- 
ing drivers fatality messages increased neuro- 
cognition, which is a proxy for attention/working 
memory and cognitive load. Although it is 
difficult to compare estimates across experi- 
ments, a rough estimate is that showing drivers 
a fatality message increases cognitive load by 
50% (15, 30). Although there remains a debate 
on whether billboards cause crashes (37), re- 
cent studies using vehicle simulators have 
found that, depending on the content, bill- 
boards do cause people to drive worse as mea- 
sured by variability in speed and lane position, 
reaction times, vehicle headway, and number 
of crashes (32-34). Furthermore, studies using 
vehicle simulators have found that increasing 
individuals’ anxiety causes them to drive worse, 
and that these effects can last for at least 2 km 
(35, 36). Thus, prior traffic safety research, 
combined with our seven pieces of evidence, 
provides strong support for a temporary dis- 
traction effect caused by fatality messages that 
reduces individuals’ ability to drive safely and 
respond to changes in traffic conditions. 


Alternative hypotheses 


In the supplementary text, section S4, we ad- 
dress seven alternative hypotheses, including 
the possibilities that treated weeks are inhe- 
rently more dangerous, that fatality messages 
help in the long run or result in improvements 
away from DMSs, that displaying any message 
causes crashes, and that fatality messages 
cause some drivers to slow down, increasing 
the variance of vehicle speeds and thus crash 
risk. We provide evidence inconsistent with 
each of these alternative hypotheses. 


Robustness 


In table S6 we report several robustness 
tests of our difference-in-differences estimates. 
In particular, we show that clustering by 
segment-year-month reduces the standard 
error in half, clustering by just geography 
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Se) 
Table 4. Effect of fatality messages on statewide crashes. Shown are estimates of the effect of 
campaign weeks on statewide crashes. The dependent variable is the number of crashes occurring 
statewide (column 1), statewide on the highway system (column 2), or statewide off the highway 
system (column 3) on date d during hour h, scaled by the population average and multiplied by 100. 
We include year-month-day-of-week-hour and holiday fixed effects. Standard errors are clustered by 
year-month and are shown in parentheses. ***P < 0.01; **P < 0.05. The equation used was as 
follows: statewide crashes (%)q,, = 5 * campaign weekg;, * posty + B; * campaign weekg, + 


Ym(d),dow(a).h * holiday * €d,h 


On-highway 


Off-highway 


Adjusted R 0.87 


0.82 0.84 


Holiday FE Yes 


produces slightly smaller standard errors, 
controlling for rain more flexibly does not 
affect our results, not controlling at all for 
rain doubles our estimated treatment ef- 
fect, not controlling for holidays increases 
our estimate slightly, and dropping hours 
immediately before and after campaign weeks 
(ie., hours outside of campaign weeks that 
sometimes display fatality messages, see fig. 
S6) further increases our estimate. Further, we 
show that the estimated treatment effect is 
larger when using alternative outcome mea- 
sures; specifically, using an indicator variable 
for whether there is any crash or using the log 
of the number of crashes plus one. We did not 
use count data models (e.g., Poisson regres- 
sion) because they require variation in the 
outcome within each fixed effect and are thus 
incompatible with our extensive fixed-effect 
structure. 

All of our estimates so far have assumed 
that any DMS that existed during our sample 
existed for the entire sample. We also tested 
whether our results are robust to limiting the 
sample to the DMS months where each DMS 
existed. To do so, we collected information on 
when each DMS existed using Google Street 
View. For each DMS month, we either know 
a DMS exists, know it does not exist, or are 
unsure. To deal with this uncertainty over 
when they exist, we conducted two robustness 
tests. We first limited our sample to the DMS 
months in which we know the DMS exists, 
and then limited our sample to the DMS 
months in which the DMS might exist (i.e., 
we do not know that it does not exist). As 
expected, we found that including DMS months 
that lack an operational DMS attenuates our 
estimates, with the “must exist” sample lead- 
ing to a higher point estimate than the “may 
exist” sample, which itself leads to a higher 
point estimate than our full sample. 
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Yes Yes 


Our main tests exploit GPS locations of both 
DMSs and crashes and uses an extensive fixed- 
effects structure. To evaluate whether a sim- 
pler approach provides similar conclusions, 
we evaluated the change in crashes statewide 
during campaign weeks. Results presented in 
Table 4 indicate that crashes, particularly on- 
highway crashes, also increase statewide dur- 
ing campaign weeks. 

We also tested for an effect of fatality mes- 
sages on several measures of crash serious- 
ness. As shown in table S7, we found that the 
count of vehicles involved in crashes is 1.93% 
higher during campaign weeks in the treat- 
ment period (P = 0.002). We do not have the 
power to detect an effect on the number of 
deaths, number of fatal crashes, and an esti- 
mate of the social cost of these crashes, be- 
cause only 0.58% of crashes have a fatality. The 
95% confidence intervals for these estimates 
are large, and we cannot rule out meaningful 
treatment effects. 


Discussion 


We present evidence that fatality messages 
are too salient and distract drivers. Part of 
this evidence includes documenting hetero- 
geneous treatment effects, with larger treat- 
ment effects when the message is plausibly 
more salient or when drivers’ cognitive loads 
are higher. This same evidence suggests that 
there are times and places where displaying 
fatality messages does help. Specifically, these 
messages reduce the number of crashes when 
the number of reported fatalities is in the 
bottom quartile and in places where the road 
network complexity is at least 1 standard de- 
viation below its respective mean. Although 
these benefits do not outweigh the harm done, 
they show that behavioral interventions can 
help if they are not too salient and are delivered 
when individuals’ cognitive loads are low. 
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The effect of displaying a fatality message 
on crashes is large relative to the simplicity of 
the intervention. We estimate that displaying 
a fatality message increases the number of 
crashes over the next 10 km of roadway by 
4.5%. Our estimates suggest that displaying 
these messages causes an additional 2600 
crashes per year in Texas alone (see supple- 
mentary text S5 for details). Furthermore, 
although we are underpowered to detect an 
effect on fatal crashes, if we assume a similar 
percentage change in fatal crashes, then fata- 
lity messages cause an additional 16 fatalities 
per year. Using estimates from Blincoe e¢ al. 
(37), these additional crashes have a total social 
cost of $380 million per year. To calculate an 
estimate of the impact of fatality messages in 
the United States, we scaled our estimated 
treatment effect by the number of licensed 
drivers in the 28 treated states. Doing so sug- 
gests that across the United States, displaying 
these messages might cause an additional 
17,000 crashes and 104 fatalities per year, with 
a total social cost of $2.5 billion per year. 

There are two sources of important varia- 
tion across states in how fatality messages are 
implemented. First, US states differ in how 
frequently they show fatality messages. This 
matters because we found that most of the 
damage is done during the first few days that 
the message is displayed (fig. $7). This finding 
implies that in states where the fatality mes- 
sage is displayed all the time (unless there is a 
more important message), such as Illinois, the 
effects could be more benign, and in places 
where fatality messages are displayed 1 day 
per week, such as Colorado, the effect could 
be worse. Second, whereas the exact text of 
the message is consistent across states, the 
displayed fatality account varies. Texas, the 
second-largest state in the United States, 
displays larger fatality counts than most other 
states. This matters because we found that 
fatality messages only hurt when the displayed 
fatality count is large (Fig. 3). If the negative 
effect of the fatality message depends on the 
absolute number displayed, then it will not 
have the same negative effect in most other 
states. However, if the negative effect depends 
on the number displayed relative to a state’s 
population, then our results are more gener- 
alizable to other states. For additional dis- 
cussion of this study's external validity, see the 
supplementary text, section S6. 


Conclusion 


Our study shows that salient, generic, in-your- 
face safety messages delivered to drivers crowd 
out more pressing safety concerns, yielding 
immediate negative and socially undesirable 
outcomes. The treatment effect is larger when 
the reported number of deaths is larger and 
when road segments are more complex. Our 
evidence suggests that even after several years, 
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an intervention delivered 1 week each month 
still increases crashes. Further, the negative 
effects of these messages appear to be con- 
strained to the immediate vicinity and time 
where delivered. 

These findings contribute to three areas of 
research. Existing research on DMS safety 
messages finds evidence that messages about 
speeding, fog, or slippery roads are effective 
at reducing drivers’ speeds (38-40), but that 
generic safety messages have little effect (47). 
The traffic safety literature also finds that 
drivers rate negatively framed threat apprais- 
als as more effective (42-44), but that such 
messages can be perceived as controlling or 
manipulative, potentially causing people to 
ignore them (45). Shealy et al. (15) found, ina 
laboratory setting, that showing drivers non- 
traditional safety messages, including fatality 
messages, increases their attention and cogni- 
tive load, which they interpreted as a good 
thing. By contrast, we show that this can have 
costly consequences. We show that, contrary 
to drivers’ and policy-makers’ expectations, 
using fatality messages to increase aware- 
ness of the risk of driving causes additional 
traffic crashes. 

We also contribute to the literature on risk 
disclosures (46-49) and the broader literature 
on information disclosure (50-52). Although 
risk disclosures are common in many markets, 
many tend to be generic rather than specific 
(e.g., “driving is dangerous” versus “sharp turn 
ahead”). There is concern that generic risk 
disclosures may be ineffective at reducing risk- 
taking because of their lack of specificity, but 
there is limited empirical evidence on their 
effectiveness. Our setting allows us to measure 
the effectiveness of a generic risk disclosure. 
We found that generic, yet plausibly shocking, 
risk disclosures can affect individual behavior. 

Finally, we contribute to the literature on 
behavioral interventions. An important ques- 
tion within this literature is whether the effects 
of behavioral interventions persist after treat- 
ment stops. Although there are some notable 
exceptions (53, 54), this literature typically finds 
little persistence (55). We found no evidence 
that fatality messages affect behavior outside 
of campaign weeks. Another question in this 
literature is whether individuals habituate to 
behavioral interventions, as budget consider- 
ations make it difficult to test the long-term 
effects (53). We found that drivers do not hab- 
ituate to fatality messages, potentially because 
the number of displayed deaths is constantly 
updated, with the treatment effect remaining 
virtually unchanged 5 years after the initial im- 
plementation. This should increase confidence 
that the estimated short-term benefits in other 
studies may persist in the long term. 

This evaluation of fatality messages high- 
lights five key lessons. First, and most impor- 
tantly, behavioral interventions can fail if they 
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increase individuals’ cognitive loads to the ex- 
tent that they crowd out more important 
considerations. Thus, given that behavioral 
interventions are intentionally designed to 
be salient and seize attention, the message, 
delivery, and timing must be carefully de- 
signed to prevent the intervention from back- 
firing. Second, because individuals face cognitive 
constraints, a full accounting of an intervention’s 
welfare effects should consider whether ad- 
ding to participants’ cognitive loads has effects 
outside of the targeted domain. Third, our 
results speak to the trade-offs of using behav- 
ioral interventions versus taxes and subsidies 
to address externalities such as unsafe driving, 
pollution, and global warming (56, 57). The 
general lesson is that behavioral interven- 
tions targeting externalities that are largest 
when individuals’ cognitive loads are high are 
likely to be less efficient than taxes or sub- 
sidies. Fourth, measuring an intervention’s ef- 
fect is important, even for simple interventions, 
because good intentions need not imply good 
outcomes. Finally, and most directly, fatality 
message campaigns increase the number of 
crashes, so ceasing these campaigns is a low- 
cost way to improve traffic safety. 


Materials and methods 
Data 


We collected data on traffic crashes, DMS 
locations and messages displayed, TxDOT’s 
board meeting schedule, weather, the Texas 
road network, and US federal holidays. Table 
S8 summarizes the January 2010 to July 2012 
“pretreatment” period (i.e., the time period 
before TxDOT began displaying fatality mes- 
sages) and the August 2012 to December 2017 
“treatment” period. We collected data on 
880 DMSs. 

Our data on traffic crashes comes from the 
TxDOT Crash Records Information System 
and includes all reported crashes occurring on 
Texas roads. This dataset includes the GPS 
coordinates and other characteristics for each 
crash from 2010 to 2017. 

We collected DMS location data from the 
TxDOT website and from lists provided by 
TxDOT of all DMSs in 2013 and 2015. We 
combined these location data and validated 
and corrected them using Google Maps. We 
corrected 18% of the DMS locations and 
updated the direction of travel for 26 DMSs. 
We dropped 175 DMSs that were portable, 
test DMSs, or smaller than standard. These 
smaller DMSs are often just able to display a 
few characters and used for displaying travel 
times or tolls. The largest DMSs that we 
dropped for being too small can display two 
lines of 12 characters, whereas standard 
DMSs can display three lines of 15 or 18 cha- 
racters. We also dropped nine DMSs located 
on local roads rather than on highways. Fig. 
S8 plots the locations of DMSs within the 
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entire state, and fig. S9 plots those in the 
Houston area. These maps show that DMSs 
are located primarily within urban areas, and 
that within urban areas, DMSs are spaced 
fairly evenly apart, with a median driving dis- 
tance of 5.3 km between consecutive DMSs. 

We collected information on when each 
DMS exists using Google Street View. These 
data are limited because the mean gap be- 
tween the last time a DMS is known not to 
exist and the first time it is known to exist is 
2.9 years, whereas the mean gap between the 
last time a DMS is known to exist and the first 
time it is known to not exist is 1.4 years. 
From these data, we know that at least 24% 
of DMSs did not exist over our entire sample. 
Our main results assume that all DMSs that 
exist during our sample exist for the entire 
sample. Including nonoperational DMSs biases 
our results toward 0. 

We gathered data on the messages displayed 
on DMSs from two sources. First, we obtained 
log files for the DMSs located in the Houston 
area from Houston TranStar for the years 
2012-2013, and second, we collected hourly 
DMS message content directly from the TxDOT 
website for all Texas DMSs for 2016-2017. 

We collected TxDOT’s board meeting sched- 
ule from the TxDOT website. These meetings 
are typically held the last Thursday of each 
month, except in November and December, 
when they are held earlier to avoid conflicting 
with Thanksgiving and Christmas. 

We obtained hourly weather data from the 
US National Oceanic and Atmospheric Admi- 
nistration’s Integrated Surface Database. Figures 
S8 and S9 also show the locations of the weather 
stations that we used. The median distance 
between a DMS and the nearest weather station 
is 14 km. 


Variable definitions 


Our primary outcome variable is the hourly 
number of crashes on a given road segment. 
Road segments begin at DMS locations and 
continued for # km of highway driving dis- 
tance, with x €{-10,-9,...,9,10}; negative dis- 
tances denote segments preceding the DMS 
(i.e., upstream) and positive distances denote 
segments continuing past the DMS (i.e., down- 
stream). We calculated driving distances using 
the Open Source Routing Machine and Open 
Street Maps data for the Texas highway net- 
work. Our network includes all roads classified 
as motorways, motorway links, trunk roads, 
and primary roads. This is the smallest set of 
classifications that includes all highways but 
also includes some roads that are not high- 
ways. Figure S10 depicts segments of 1, 3, 5, 
and 10 km downstream of a sample DMS near 
Aledo, Texas, and the crashes associated with 
each segment. 

Because we allowed road segments to merge 
and diverge onto other highways, road segments 


7 of 9 


RESEARCH | RESEARCH ARTICLE 


of length w + 1 km typically contain more than 
an additional 1 km of road surface area and thus 
have a more than proportional increase in the 
number of crashes. We therefore scaled hourly 
crash counts for segments of length a by the 
average number of crashes occurring over all 
segments of length x over the entire sample 
period to create a standardized measure of 
crashes that is easier to interpret. We label this 
variable crash(%)<2),an. Where the subscripts 
index segment (s), segment length (a), day 
(d), and hour (h). See table S9 for detailed 
variable definitions. 

Lane kilometers and average daily VKT were 
measured from the Highway Performance 
Monitoring System annually, and centerline 
kilometers were measured using Open Street 
Maps. All three were measured over each 
segment. 

We defined campaign weeks using the 
schedule of TxDOT board meetings and our 
DMS log files. Since August 2012, TxDOT 
traffic engineers have been instructed to 
display the fatality message beginning “after 
morning peak” on the Monday 1 week before 
a board meeting and ending “before morn- 
ing peak” on the following Monday. Exact 
times are not provided, because “morning 
peak” varies by highway and direction of travel. 

We determined the typical start and end 
times of campaign weeks using our DMS log 
files. Figure S6 shows that a fatality message 
is displayed for ~8% of the DMS hours be- 
tween midnight and 7:00 am on the Monday 
1 week before board meetings (designated first 
day), increasing to 12, 18, and 29% during the 
7:00, 8:00, and 9:00 a.m. hours, respectively, 
and is then displayed for ~29 to 43% of DMS 
hours during the campaign week. Percentages 
<100% are consistent with instructions that 
fatality messages “should not pre-empt needed 
traffic messages, incident-related messages, 
Emergency Operation Center messages (EOC), 
or Amber/Silver/Blue alerts.” Fatality messages 
also gradually disappear at the end of the 
campaign week, with the fatality message 
displaying for 21, 14, and 11% of DMS hours 
during the 6:00, 7:00, and 8:00 a.m. hours of 
the final Monday, respectively. Thus, although 
there is leakage into hours immediately 
before and after the intended display period, 
we found that fatality messages concentrate 
during the designated week. On the basis of 
the patterns observed in fig. S6, we defined 
an indicator variable for the week before a 
board meeting, campaign week,;,, which equals 
1 for all days (d) and hours (fh) between 9:00 a.m. 
on the Monday 10 days before a scheduled 
board meeting and 7:00 a.m. the following 
Monday. In the supplementary text, section 
S7, we further explore how campaign weeks 
affect the messages displayed. 

To control for variation in weather condi- 
tions, we defined two indicators for whether 
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the weather station closest to DMS s reported 
precipitation during hour / of day d. Specifi- 
cally, trace precipitation,4;, was set equal to 1 if 
the weather station reported <1 mm of precip- 
itation, and O otherwise, and precipitation, 2, 
was set equal to 1 if the weather station reported 
>1 mm of precipitation, and 0 otherwise. 

Because we did not observe the displayed 
death count in every month, we imputed the 
year-to-date fatality count for each month using 
the actual number of year-to-date fatalities. 
From the DMS log files, we found that the 
reported fatality number is reported with a 
median lag of 22 days, and we used this lag 
when imputing the number of fatalities for 
each month. 

Table S10 reports summary statistics for 
our data. As discussed earlier, because of the 
increasing surface area covered by segments 
of larger lengths, the number of crashes per 
hour increases more than proportionally in 
segment length, with 8.2 times more crashes 
within 10 km of a DMS than within 3 km. 
Crashes are proportional to lane kilometers 
and VKT (table S11). 


Research design 


To estimate the effect of fatality messages on 
the number of traffic crashes, we exploited 
within-month variation of fatality messages 
while controlling for weather, holidays, and 
idiosyncratic segment characteristics. To control 
for unobservable within-month fixed-segment 
characteristics (e.g., idiosyncratic elements of 
the season, time of day, and day of the week 
specific to each DMS highway segment), we 
included segment-year-month-day-of-week-hour 
fixed effects. Because fatality messages are 
only instructed to be displayed for 1 week each 
month, we could compare, for each DMS high- 
way segment, year-month-day-of-week-hours 
when the message was instructed versus not 
instructed to be displayed. We also included 
controls for precipitation and holiday fixed 
effects. We estimated the following ordinary 
least-squares regression using all observations 
from 1 August 2012 through 31 December 2017 
as follows: 


crash(%)sz),a,n = 6 ° campaign weeka,, + 
B, ° trace precipitation, a, + Bs * precipita- 
tiONs an + Ys,m(d),dow(d,h + Sholiday + Ean (1) 


In Regression 1, 6 is our estimated treatment 
effect, y is a fixed effect for each segment- 
year-month-day-of-week-hour, ¢ is a fixed effect 
for each holiday, and dow(d) is the day of the 
week associated with day d. 

We also estimated the treatment effect 
using a difference-in-differences specification 
that exploits both within-month variation in 
when fatality messages are instructed to be 
displayed and differences between the treat- 
ment and pretreatment periods. This approach 
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directly addresses the concern that campaign 
weeks could systematically differ from other 
weeks (e.g., total traffic volume or crash risk). 
Specifically, we estimated the following 
regression: 


crash(%).a),a,n = 5 * campaign week, * 
post, + 8; * campaign weekg,, + Bo * trace 
precipitation, a, + Bs ° trace precipitation, 

dh * post, + By * precipitation, 77, + Bs * 
precipitation,., * POStg + Ys,m(@,dow(d),h + 
Choliday + €s,a,h (2) 


which is equivalent to taking the difference be- 
tween 6 from Regression 1 for the August 2012 
to December 2017 sample and 6 from the same 
regression for the January 2010 to July 2012 
sample. In Regression 2, 6 is the coefficient of 
interest. In our analyses, we found no differ- 
ence during the pretreatment period in down- 
stream crashes between the week before a 
board meeting (“campaign weeks”) and other 
weeks, so the primary difference between Re- 
gressions 1 and 2 is that the second has larger 
standard errors. This occurs because Regres- 
sion 1 presumes that campaign weeks would 
be exactly the same as other weeks in the 
absence of treatment, whereas Regression 2 
acknowledges uncertainty about whether cam- 
paign weeks would be the same in the post- 
period in the absence of treatment. 

As a conservative approach, we clustered 
standard errors by geography-year-month, 
where geography refers to bins of size 2” km? 
that contain a DMS segment of length x. Thus, 
fewer clusters (geographic bins larger in area) 
are used for segments of greater length, be- 
cause crashes occurring over those longer 
lengths may be linked to multiple DMSs. 

See the supplementary text, section S8, for 
additional discussion of our materials and 
methods. 
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Ferroelectric crystals with giant electro-optic 
property enabling ultracompact Q-switches 


Xin Liu}, Peng Tan?*+, Xue Ma‘, Danyang Wang®, Xinyu Jin’, Yao Liu’, Bin Xu‘, Liao Qiao’, 
Chaorui Qiu’, Bo Wang®, Weigang Zhao’, Chaojie Wei’, Kexin Song’, Haisheng Guo, Xudong Li’, 
Sean Li°, Xiaoyong Wei?, Long-Qing Chen®, Zhuo Xu", Fei Li?*, Hao Tian?*, Shujun Zhang®* 


Relaxor-lead titanate (PbTiO3) crystals, which exhibit extremely high piezoelectricity, are believed 

to possess high electro-optic (EO) coefficients. However, the optical transparency of relaxor-PbTiO3 
crystals is severely reduced as a result of light scattering and reflection by domain walls, limiting 
electro-optic applications. Through synergistic design of a ferroelectric phase, crystal orientation, 

and poling technique, we successfully removed all light-scattering domain walls and achieved an 
extremely high transmittance of 99.6% in antireflection film—coated crystals, with an ultrahigh EO 
coefficient r33 of 900 picometers per volt (pm V~), >30 times as high as that of conventionally used 
EO crystals. Using these crystals, we fabricated ultracompact EO Q-switches that require very low driving 
voltages, with superior performance to that of commercial Q-switches. Development of these materials is 
important for the portability and low driving voltage of EO devices. 


recise control of light propagation and 
intensity is critical to numerous photo- 
nic devices ranging from lasers to opti- 
cal amplifiers and modulators (/, 2). The 
rapid and efficient control of optical sig- 
nals through electrical stimulus requires electro- 
optic (EO) materials that exhibit large changes 
in their refractive indices n in response to an 
applied electric field; e.g., the Pockels effect 
(3-5). The primary merits of the Pockels ef- 
fect include the linear correlation between 
the change in refractive indices n and the ap- 
plied electric field, fast responses, and a strong 
ability to control light, all of which are central 
to a wide range of photonics applications. 
Ferroelectric crystals represented by LiNbO; 
(LN) and KD,PO, (DKDP) are an important 
component of existing EO devices because of 
their availability in large size and good tem- 
perature stability (6, 7). DKDP has very high op- 
tical damage thresholds suited for high-power 
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Q-switch use (8). However, its hygroscopic fea- 
ture requires careful protection against mois- 
ture, and thus DKDP based on EO devices 
require complicated fabrication processes (9). 
Further, the relatively low effective EO coef- 
ficients r, of the LN and DKDP crystals (~21 
and 24 pm V~’, respectively) require the use of 
high voltage and/or thick material in EO de- 
vices, leading to high auxiliary cost (high voltage 
power supply) and difficulty in miniaturization 
(0). This issue has become a key obstacle for 
improving device performance. Therefore, the 
discovery and employment of alternative mate- 
rials possessing larger Pockels effects to mini- 
mize the driving voltage and size of EO devices 
is highly desirable. 

Many perovskite ferroelectric single crystals 
with substantial Pockels coefficients on the 
order of 10” pm V_' —such as BaTiOz, KNbOs, 
and Pb(Mgi/3Nb»/3)03-PbTiO; (PMN-PT)—have 
been developed to address the issues (11-13). 
Despite the promising EO properties, optical 
clarity of perovskite ferroelectrics is a long- 
standing challenge that greatly hinders practi- 
cal applications of these crystals. The presence 
of naturally occurring ferroelectric domain 
walls in the crystals drastically limits their 
optical transparency as a result of light scat- 
tering and reflection at domain walls arising 
from the difference in refractive indices of the 
adjacent domains with different orientations, 
rendering high optical loss or even opacity in 
the visible-to-near-infrared spectrum. In the 
past few decades, considerable efforts have 
been made to eliminate the light-scattering 
domain walls in these ferroelectrics, but with 
very limited success (13-21). For example, po- 
ling a ferroelectric crystal along its polar direc- 
tion can achieve a single-domain state without 


domain walls. However, the EO coefficients 
of single-domain crystals are much smaller 
than those of the crystals poled along a spe- 
cific nonpolar direction, i-e., a domain-engineered 
state (13). More recent efforts to manipulate 
the domain structures of PMN-PT single crys- 
tals through ac electric field poling has de- 
monstrated a viable approach to largely reduce 
the light-scattering domain walls in domain- 
engineered PMN-PT crystals (19). Although the 
optical transparency along the poling direction 
is greatly improved and a relatively high EO 
coefficient (r33~220 pm V’) can be achieved 
on the basis of this method, the crystal re- 
mains opaque along the other orthogonal di- 
rections (fig. $1). Thus, designing EO devices 
on the basis of PMN-PT crystals remains dif- 
ficult because of the challenges in obtaining 
high optical clarity in conjunction with giant 
EO performance in the crystals. 

We developed a specific high-temperature 
poling process for [011]-oriented Pb(Iny2Nby/2) 
O3-Pb(Mgi/3Nb2/3)03-PbTiO; (PIN-PMN-PT) re- 
laxor ferroelectric crystals to boost transpar- 
ency in mutually orthogonal directions through 
removal of undesired domain walls, and to 
achieve high EO coefficients through the fa- 
cilitated electric field-induced polarization 
rotation. This highly transparent PIN-PMN-PT 
crystal exhibits an ultrahigh EO coefficient 733 
in the range of 900 to 2800 pm V+, witha 
temperature range of 20° to 100°C and a fre- 
quency range of 10 to 10* Hz. We used such 
poled PIN-PMN-PT crystals to construct an 
ultracompact free-space EO Q-switch and 
demonstrated its feasibility and effectiveness 
in miniaturization and driving voltage re- 
duction as compared with the state-of-the-art 
EO devices. 


Selection of relaxor ferroelectric crystals 


We selected the rhombohedral 0.21PIN-(0.79 — 
X)PMN-xPT (wx = 0.28, 0.30, 0.32) crystals as 
example materials, as they possess comparable 
room-temperature electrical properties (e.g., 
dielectric and piezoelectric properties) but have 
much improved temperature and electric field 
stabilities compared with those of the actively 
studied relaxor ferroelectric crystals PMN-PT 
(22). To achieve high transparency along both 
the poling and transverse directions in PIN- 
PMN-PT crystals, we selected the rhombohe- 
dral PIN-PMN-PT crystal with three principal 
axes along the crystallographic [011], [100], and 
[011] directions. We show phase-field simu- 
lated domain structures for the rhombohedral 
crystal poled along the [011|direction (Fig. 1, A 
to C). Only two domain variants with polar- 
ization along the [111] and [111] directions re- 
main in the crystal, forming 71° domain walls. 
The horizontal 71° domain walls are curved 
in the view of the (100)plane, whereas they 
are almost perfectly straight (parallel along 
the [100] direction) in the view of the (011) 
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Fig. 1. Simulated domain patterns and optical indicatrix of each domain in a 
(011|-poled rhombohedral PIN-PMN-PT crystal. (A) Domain structures in the 
[011}-poled PIN-PMN-PT crystal under stress-free conditions on the basis of phase field 
simulations. (B) Domain pattern on a (100)plane. (C) Domain pattern on a (011) plane. 
Purple and navy colors represent different ferroelectric domains with polarization 
vectors along the [111] (green) and [111|(yellow) directions, respectively. (D to 
F) Schematic diagrams of optical indicatrix for both domains projected on the (011), 


(a i 


(100), and (011) planes, respectively. As shown here, the principal axes of the 
refractive indicatrix in both the [111] and [111] domains projected on the (011) or (100) 


planes are the same, leading to suppressed light scattering and/or reflection along 
the [011] and [100] axes. By contrast, projections of the principal axis of the optical 
indicatrix in neighboring domains on the (011) plane form an angle of 71° The 
alternation of the refractive indices n, and n, causes scattering and/or reflection of 
light when light travels along the [011] direction. 


plane (Fig. 1, B and C). This feature is due to 
the fact that the rotation of the 71° domain 
wall plane around the [011] direction sub- 
stantially increases the electrical and elastic 
energies compared with that rotates around 
the [100] direction (fig. S2). Therefore, the fluc- 
tuation of the 71° domain walls in the (011) 
plane is prohibited, whereas small fluctuation 
is allowed in the (100) plane. 

Considering the characteristics of the refrac- 
tive indices in the [011|-poled rhombohedral 
crystal, high optical transparency is expected 
along the [011] or [100] direction. Projections of 
the principal axes of the optical indicatrix for 
the [111] and [111] domains on the (011) plane 
are identical (Fig. 1D). The same scenario holds 
true for the projections on the (100) plane 
(Fig. 1E). This observation suggests that the 
refractive indices remain unchanged as light 
goes across the 71° domain walls for the [011] or 
[100] crystallographic direction, resulting in the 
suppression of light scattering and/or reflec- 
tion. By contrast, the optical transparency is 
low along the [011] direction, considering that 
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projection of the principal axes of the optical 
indicatrix on the (011) plane is different for the 
{111] and [111] domains (Fig. 1F). 

In addition to optical transparency, the [O11]- 
poled rhombohedral crystals are also expected 
to possess high electro-optic coefficients. As 
the electric field is applied along the [011] 
direction—which is not parallel to the polar 
directions of the two domains, i.e., [111] or [111|— 
the polarization rotation in the domains can 
be induced (22, 23). One of the most important 
features of relaxor ferroelectric crystals such as 
PIN-PMN-PT is the ease of polarization rota- 
tion under an external electric field along the 
nonpolar direction, which is associated with 
the flattened free energy landscape near the 
morphotropic phase boundary and the pres- 
ence of nanoscale local structure heterogeneity 
(23, 24). Consequently, the rotation of optical 
indicatrix in relaxor ferroelectric crystals may 
occur more readily in contrast to the classical 
ferroelectrics when subjected to external stim- 
uli such as an electric field, leading to larger 
electro-optic activity in relaxor ferroelectrics. 


Poling of the PIN-PMN-PT crystal 

Ideally, only two kinds of ferroelectric domains 
(i.e., the domains with polarization along the 
[111] and [111] directions) should be present in 
the [011|-poled rhombohedral PIN-PMN-PT 
crystal (25) (Fig. 1A). In reality, however, com- 
pletely removing the four electric-field-unfavored 
variants of ferroelectric domains (i.e., the [111], 
[111], [111], and [111] domains) is difficult be- 
cause of the clamping effect from the sample 
surface (26), which severely scatters the light. 
The results of the phase field simulation under 
clamping conditions (Fig. 2A and fig. S3) show 
that some domains with polarization perpen- 
dicular to the [O11] axis are present to release 
the elastic energies during the removal of the 
poling electric field. We also experimentally 
verified the influence of the clamping effect on 
the final domain state (movie S1 and fig. S4). 
We used a polarized light microscope (PLM) 
to obtain images of a [011]-oriented 0.21PIN- 
0.47PMN-0.32PT (PIN-PMN-32PT) crystal poled 
with a conventional poling method, ie., at room 
temperature under an electric field of twice 
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Clamping boundary 
condition 


Fig. 2. Domain structures for (011|-oriented rhombohedral PIN-PMN-32PT 
crystals poled by conventional and high-temperature methods. (A) Domain 
structure of the {O11]-poled sample under clamped conditions from phase field 
simulations. It should be noted that only two domains with polarization perpendicular 
to the [O11] direction are present in Fig. 2A, which is due to the fact that the scale 
of phase field simulation (64 nm by 64 nm by 64 nm) is much smaller than that of 
a real sample. We also conducted a phase field simulation involving the other two 
domains (polarizations are along the [111] and [111] directions) (fig. $3). (B and 


the coercive field. (Fig. 2, B and C, and fig. S5). 
The PLM images taken from the (011) and (011) 
surfaces are consistent with the simulated do- 
main structure (Fig. 2A). A number of domain 
walls are visible in Fig. 2B, in which the angle 
between the domain walls and [011] direction 
is ~35°. The domain walls presented in Fig. 2B 
are mainly formed by [111] or [111] domain with 
one of the [111] /[111]/[111]/[111] ferroelectric 
domains whose polarization lies in the (011) 
plane (fig. S6). Because of the presence of these 
light-scattering domain walls, a 633-nm Gaussian 
beam with a circular cross section is strongly 
scattered as the beam goes through the crystal 
(Fig. 2D). The shape of the scattered beam spot 
nearly replicates the domain pattern (Fig. 2B) 
as a result of the diffraction from the refractive 
indices discontinuity at domain walls (27). 
Evidently, the light scattering will reduce the 
transparency and adversely affect the efficien- 
cy of EO devices. 

We employed a high-temperature poling 
approach to reduce the clamping effect and 
eliminate the light-scattering domain walls. 
Specifically, the crystal was heated to ~105° 
to 115°C and was thus in the orthorhombic 
phase. Then, by applying an electric field of 
5kV cm“, we can achieve orthorhombic single- 
domain configuration. Finally, the crystal was 
slowly cooled to room temperature with the 
application of the electric field. During cool- 
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900uUM 


conventional poling method 


(G) Output spot of a Gauss! 
crystal poled by the high-te 


ing, the orthorhombic single domain with po- 
larization along the [011] direction only split 
into the rhombohedral [111] and [111] domains. 
Throughout the process, other variants of 
rhombohedral domains were absent (movie 
82 and fig. S7). By using the above poling 
strategy, we obtained [011|-poled PIN-PMN-PT 
crystals without the undesired domains (i.e., 
(111], [111], [111], or [111]; Fig. 2, E and F, and 
fig. S8). We observed the extinction phenom- 
enon as the incident light is along the [011] 
direction with polarization along the [011] di- 
rection (Fig. 2E), whereas the lamellar domain 
configuration is observed from the (011) (Fig. 
2F) and (100) (fig. S8) planes, which echoes the 
simulated domain structure under stress-free 
conditions (Fig. 1A). As expected, the footprint 
of the Gaussian beam remains as a circular 
spot after transmitting this crystal along the 
[011] axis (Fig. 2G), implying substantially en- 
hanced light transmittance compared with 
that the crystal poled at room temperature. The 
PIN-PMN-PT crystals used for the discussion 
of EO properties as well as device design are 
poled by the high-temperature poling technique. 


Transparency and electro-optic properties of 
the [011|-poled PIN-PMN-PT crystal 

We photographed [011]-poled PIN-PMN-PT crys- 
tals (Fig. 3A). The poled crystals are highly 
transparent when viewed from both the [100] 


C) PLM images on (O11) and (011) surfaces of the [011]-oriented crystals poled by 


, respectively. (D) Output spot of a Gaussian beam which 


propagates along the [011] direction of the crystal poled by the conventional poling 
method. (E and F) PLM images on the (011) and (011) surfaces, respectively, of 
the [011]-oriented crystals poled by high-temperature poling method, respectively. The 
width of the laminar domains of the sample in Fig. 2F is 2.77 um (SD ~+1.72 um). 
ian beam that propagates along the [011] direction of the 


mperature poling method. 


and [011] directions. The light transmittance 
along both directions of the poled sample is 
~70% in the wavelength range of 550 to 2500 nm, 
which is very close to the theoretical limit if 
only surface reflection is considered (Fig. 3B). 
Additionally, the [011|-poled PIN-PMN-PT crys- 
tal exhibits high transparency in the inter- 
mediate infrared band, i.e., 2500 to 5500 nm 
(Fig. 3C), except for a small absorption peak 
around the wavelength of 2840 nm resulting 
from the stretching vibrations of OH” ions, 
which was observed in many perovskites such 
as SrTiO3, BaTiOz, LINbOs, and KTaO; (28-30). 
We found the optical absorption to monoton- 
ically decrease with increasing wavelength 
(Fig. 3D). As a result of the improved poling 
technique, the optical transmittance of the 
present PIN-PMN-PT crystal is considerably 
higher than that of previously reported relaxor 
ferroelectric crystals (14, 31-33). The transmit- 
tance can be further improved through the 
coating of antireflective film on the transpar- 
ent surface, e.g., the (100) surface (blue curve 
in Fig. 3B). In particular, at a wavelength of 
1064 nm the optical transmittance is 99.6%, 
in which the optical absorption of the crystal 
and surface reflection loss are 0.16 and 0.24%, 
respectively. 

We measured the Pockels coefficients 7,3 and 
733 With the Mach-Zehnder interferometer 
(fig. S9A), whereas the effective EO coefficient 
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Fig. 3. Transparency and electro-optic properties of PIN-PMN-PT crystals 
poled along the (011) direction by the high-temperature poling method. 
Photograph of poled PIN-PMN-PT single crystals with the major faces of (100) 
and (011), respectively. An unpoled crystal is also given for comparison. The 
sample size in (A) is 8 mm by 3.5 mm by 3 mm. (B) Optical transmittance 
spectra of PIN-PMN-PT samples before and after poling and with antireflective 
coating (sample thickness is 1.5 mm for optical transmittance measurements). 
(C) Optical transmission spectra of [O11|-poled PIN-PMN-PT samples within the 
wavelength of 2500 to 10,000 nm. (D) Effective absorption coefficient of the 


rT. Was measured with the Senarmont com- 
pensator method (fig. S9B) (34). We chose a 
633-nm He-Ne laser as the light source for the 
measurement of EO properties. For the rhom- 
bohedral PIN-PMN-PT crystals, we found that 
the EO coefficient 7, increases with increasing 
PT content, i.e., with the composition ap- 
proaching the morphotropic phase boundary 
(MPB) (Fig. 3E). We can attribute this feature 
to the electric field-induced polarization ro- 
tation becoming easier as the composition 
approaches the MPB (22). We mainly focused 
the following discussion on the PIN-PMN-32PT 
crystal, which possesses the highest EO coef- 
ficient 7, among all studied compositions. 

At room temperature (25°C), the 733, 73, and 
r, coefficients of the PIN-PMN-32PT crystal 
were found to be 910, 260, and 670 pm V’, 
respectively, outperforming the actively studied 
EO crystals (Fig. 3E and fig. S10). It is worth 
noting that the contributions from the varia- 
tion of the optical path length—which is in- 
duced by the converse piezoelectric effect 
under the applied electric field—to coefficients 
133, 713, and 7, are 299, 296, and -4 pm V™’, 
respectively (34). The coefficient 7, is ~30 times 
as large as that of the state-of-the-art LN and 
DKDP EO crystals, confirming the potential for 
use in compact EO devices with low driving 
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voltage. Some other ferroelectric materials 
may also possess high EO coefficients (7, > 
200 pm V~), such as (Sr,Ba)Nb.Og crystals (35), 
but these high values are a result of the ferro- 
electric phase transition temperature being 
close to room temperature, which greatly limits 
their operating temperature range. In addi- 
tion, the EO coefficients of PIN-PMN-32PT 
crystals are much higher than that of previ- 
ously reported relaxor ferroelectric crystals, in- 
cluding [011]-poled PMN-28PT (27). This is due 
to the following two reasons: First, the com- 
position of PIN-PMN-32PT is closer to the 
MPB when compared with the reported PMN- 
28PT. The electric field-induced polarization 
rotation becomes easier as the composition 
approaches the MPB, leading to the higher 
EO property. Second, by the high-temperature 
poling technique, the undesired domains in 
PIN-PMN-32PT crystals can be completely 
removed without any irreversible electric 
field-induced phase transition. It is gener- 
ally believed that the crystal with MPB com- 
positions can be partially transformed into the 
orthorhombic phase by [011] electric field po- 
ling at room temperature because of the over- 
poling effect, leading to the greatly reduced 
EO property. By contrast, the applied electric 


field used in high-temperature poling is much 
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{011|-poled and unpoled PIN-PMN-PT crystals. (E) Comparison of EO coefficient 
r¢ (at room temperature) between [011|-poled PIN-PMN-PT crystals and state- 
of-the-art EO crystals. (F to H) Frequency and temperature dependences of ro, 
3, and r33, respectively, for the [011}-poled PIN-PMN-32PT crystal. The error bars 
indicated the standard errors measured from five points of a sample. It should 
be noted that EO coefficients can be greatly enhanced as the test frequency 
approaching the piezoelectric resonance frequency of the sample (fig. S11). This 
phenomenon is related to the greatly enlarged piezoelectric displacement at 
the resonance frequency. 


lower than that for room-temperature poling, 
and thus the PIN-PMN-32PT crystal can fully 
recover to the rhombohedral phase with the 
desired domain structure during cooling. 
To understand the origin of the giant EO 
coefficients in rhombohedral PIN-PMN-PT crys- 
tals, we performed density functional theory 
(DFT) calculations. A typical relaxor-PT com- 
position, i.e., 0.75PMN-0.25PT (PMN-25PT), 
was selected for the calculation as it allows a 
supercell size feasible for DFT calculations 
(36, 37); further, its electro-optic and piezo- 
electric properties are comparable to our studied 
PIN-PMN-32PT crystal. Through the approach 
proposed in (38-41), the intrinsic EO coeffi- 
cient rj, under stress-free conditions can be 
expressed as 
Tage = Tie + TG +e (1) 
The first term re is a pure electronic part, the 
second term ine corresponds to the ionic con- 
tribution, and the last term Tie corresponds 
to the coupling of piezoelectric and elasto- 
optic effects. The three contributions were 
calculated at O K for the PMN-25PT crystal. 
According to our DFT calculations (34), the 
EO coefficients calculated at 0 K (<50 pm V|, 
see table S1) are much smaller than those 
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measured at room temperature. At a temper- 
ature far below the phase transition point, 
the electronic contribution is expected to be 
insensitive to temperature because it is rel- 
ated to the interaction of the applied electric 
field with the valence electrons, whereas the 
ions are confined to their equilibrium posi- 
tions (41). For the PIN-PMN-32PT crystal, the 
rhombohedral-orthorhombic phase transition 
temperature and Curie temperature are 105° 
and 180°C, respectively. Thus, the high EO co- 
efficients at room temperature are thought to 
be related to the ionic and piezoelectric con- 
tributions (i.e., the components re and ee. 
These are, in a reasonable approximation, pro- 
portional to the dielectric and the piezoelectric 
tensors, respectively (34). The calculated di- 
electric constant and piezoelectric coefficient 
of PMN-25PT are lower than 70 and 110 pm V _", 
respectively, at 0 K (tables S2 and S3), whereas 
the measured values are up to 3500 and 
1200 pm V“, respectively, at room temper- 
ature, showing a substantial positive corre- 
lation with temperature. Therefore, it should 
be inferred that the components 7/7? and 757. 
increase substantially with temperature as 
they are responsible for the high room temper- 
ature EO coefficients for the PIN-PMN-32PT 
crystals. 

To validate this inference, we measured the 
EO coefficients of the PIN-PMN-32PT crystal 
as a function of temperature (Fig. 3, F to H). 
As the temperature increases from 5 to 60°C, 
we found that the EO coefficients increase 
by ~30 to 50%, as they are similar to the 
temperature-induced changes of the dielectric 
and piezoelectric coefficients (22), revealing 
that dielectric- and piezoelectric-related con- 
tributions play a key role in EO coefficients. 
The EO coefficients are substantially reduced 
at a temperature above the rhombohedral- 
orthorhombic phase transition temperature 
T,9 (~105°C), because of both the low piezo- 
electricity in the orthorhombic phase along 
the [O11] direction and the depoling effect during 
the phase transition. 

In contrast to the strong temperature de- 
pendence, the EO coefficients of the PIN-PMN- 
32PT crystal exhibit excellent stability with 
respect to frequency. The 733, 7,3, and 7, coef- 
ficients exhibit minor variation below 5% within 
the frequency range of 10 to 10* Hz (Fig. 3, F 
to H). This feature is vital for EO devices that 
operate over a broad frequency range, e.g., 
electro-optic modulators used in the field of 
broadband radar. 


Electro-optic Q-switch made of 
PIN-PMN-PT crystals 


To demonstrate the competitive advantages 
of our PIN-PMN-PT crystals in practical appli- 
cations, we constructed and characterized 
electro-optic Q-switches. Because of the large 
EO properties and relatively high laser dam- 
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age threshold (~500 MW cm”) (42), PIN-PMN- 
PT crystals are promising candidates for 
Q-switching applications that require ultra- 
compact size and greatly reduced driving voltage. 

For benchmark purposes, we also explored 
key properties of commercial DKDP- and 
LN-based Q-switches when housed in the same 
laser cavity for the characterization of the 
PIN-PMN-32PT Q-switch. We show the com- 
mercial DKDP- and LN-based Q-switches and 
a compact low-voltage Q-switch made of the 
PIN-PMN-32PT crystal with size 5 mm by 
5 mm by 1.5 mm (Fig. 4A). The dimensions of 
the PIN-PMN-32PT Q-switch are » 12 mm by 
3.4mm, which are considerably smaller than 
those of the DKDP Q-switch ( 15 mm by 
18 mm) and LN Q-switch (6 22 mm by 22 mm); 
this small size is attributable to its ultrahigh 
effective EO coefficient, 7, (Fig. 3E). Theoret- 
ically, reducing the Q-switch optical travel 
length is accompanied by an increase in ope- 
rating voltage, according to Eq. 2 


rd 


Vin = — 
7/2 On3 rel 


(2) 
in which V,,. is the quarter-wave voltage (.e., 
the operating voltage), 4 is the wavelength, 2 
is the refractive index, r, is the effective EO 
coefficient, / is the length of the crystal along 
the optical travel direction, and d is the dis- 
tance between two electrodes of the EO crys- 
tal. Because of the ultrahigh EO coefficients, 
the operating voltage of the studied PIN-PMN- 
32PT crystal is only 0.2 kV, suggesting 16- and 
6.5-fold reductions when compared with that 
of DKDP and LN, respectively. 

We illustrated the laser cavity setup for ex- 
perimentally characterizing the performance 
of the PIN-PMN-32PT Q-switch (Fig. 4B). This 
cavity accommodates a rear mirror, a polariz- 
ing beam splitter, an o-cut Nd:YVO, acting as 
the laser host crystal, the Q-switch, a quarter- 
wave plate, an eighth-wave plate, and an out- 
put mirror. The total length of the laser cavity 
is 65 mm. To ensure that the Q-switch is in 
high-loss mode under the hold-off state, the 
position of the eighth-wave plate was care- 
fully adjusted to compensate for the phase re- 
tardation induced by the initial birefringence 
of the PIN-PMN-32PT crystal, leading to zero 
laser output power. A pulsed laser with a wave- 
length of 1064 nm is generated at the output 
end of the cavity through application of a 
control signal on the PIN-PMN-32PT Q-switch, 
ie., pulsed V,,/. voltage with a repetition rate 
of 10 Hz to 2 kHz. 

We show a single output pulse generated 
by the PIN-PMN-32PT Q-switch and compared 
it with commercial DKDP and LN Q-switches 
at a repetition rate of 1 kHz and pump energy 
of 3.7 mJ (Fig. 4C). The pulse width of the PIN- 
PMN-32PT Q-switch is on the order of 1.8 ns— 
a slight improvement compared with those of 
commercial Q-switches. The PIN-PMN-32PT 


Q-switch can produce a more symmetric pulse 
(Fig. 4C) with a consistently narrower pulse 
width over a relatively wide repetition rate 
span (10 Hz to 2 kHz) and pump energy (~2.3 
to 3.7mJ) compared with those of their DKDP- 
and LN-based counterparts (Fig. 4, D and E). 
In general, the width of a Q-switched pulse is 
positively correlated with the intracavity pro- 
pagation time of the laser beam (43). The 
compact size of the studied PIN-PMN-32PT 
crystal excessively minimizes the additional 
optical path length induced by the insertion of 
the Q-switch (i.e., a product of the geometric 
length of the crystal along the laser travel di- 
rection and the refractive indices of the EO 
crystal). Consequently, the intracavity prop- 
agation time of the PIN-PMN-32PT Q-switched 
laser is shorter and more strongly favors the 
narrowing of the output pulse width. 

The PIN-PMN-32PT Q-switched laser exhibits 
a satisfactory output pulse energy and optical- 
to-optical efficiency (~7.7%) at a repetition rate 
of 1 kHz (Fig. 4F), both of which are highly 
comparable to those of the laser pulses gen- 
erated by the commercial DKDP- and LN-based 
Q-switches, with efficiency on the order of 7.9 
and 8.0%, respectively. 

Peak power, represented by the pulse energy 
and pulse width, is another key parameter for 
understanding the performance of a Q-switch. 
The maximum peak power of the pulse pro- 
duced by the studied PIN-PMN-32PT Q-switch 
was calculated to be 154 kW at input pumping 
energy of 3.7 mJ, which is nearly identical to 
that of the DKDP- and LN-based Q-switched 
laser (Fig. 4G and table S4). This substantial 
peak power is primarily ascribed to the shorter 
pulse width, which effectively offsets the minor 
deficiency in the output pulse energy. This re- 
sult provides further evidence that the studied 
PIN-PMN-32PT crystals are of extremely high 
quality in terms of optical transparency and 
homogeneity and thus meet the standards of a 
commercial product. 

The pulse-to-pulse energy stability of the 
pulse train is also an important feature for 
evaluating Q-switch performance. We recorded 
the energy profile of 100 sequential output 
pulses produced by the PIN-PMN-32PT 
Q-switch at a pump energy of 3.7 mJ and a 
repetition rate of 1 kHz (Fig. 4H). The varia- 
tion coefficient of the laser output energy over 
the pulse train is estimated to be 2.7%, demon- 
strating an ultralow output energy jitter on 
par with that of the commercial DKDP and LN 
Q-switches (Fig. 41 and fig. $12). 

Through ferroelectric phase, crystal orienta- 
tion, and poling process designs, we success- 
fully boosted the transparency of PIN-PMN- 
PT crystals (99.6% at a wavelength of 1064 nm) 
and achieved very high EO coefficients (733 
and r, of 900 and 670 pm V“’, respectively). 
Because the PIN-PMN-PT crystals have desir- 
able electro-optic properties, we used them for 
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PIN-PMN-32PT in the pulse-on cavity at A = 1064 nm. (C) Single pulse profile of the 


the design of a free-space Q-switch. Compared 
with the commercial LN and DKDP-based 
Q-switches, the volume of the PIN-PMN- 
32PT-based Q-switch is substantially reduced 
by more than one order of magnitude, with 
the operating voltage reduced to 200 V from 
a starting point of 1300 to 3200 V. Given the 
fact that the Q-switch is a key component of 
pulsed lasers, the miniaturization and low 
driving voltage of the Q-switches will con- 
siderably reduce the size, weight, and power 
consumption of pulsed lasers while also miti- 
gating issues relating to electromagnetic inter- 
ference induced by high-voltage pulses. This 
development will benefit numerous applica- 
tions, such as ultracompact and low-power- 
consumption laser radars, enable sensing 
functions in navigation with small-scale ro- 
bots and intelligent recognition in autonomous 
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driving, and allow for improved precision in 
medical and scientific equipment requiring 
high stability and reliability. 


REFERENCES AND NOTES 


1. M. Zhang et al., Nature 568, 373-377 (2019). 

2. G.T. Reed, G. Mashanovich, F. Y. Gardes, D. J. Thomson, 
Nat. Photonics 4, 518-526 (2010). 

3. J.D. Bull, N. A. Jaeger, H. Kato, M. Fairburn, A. Reid, 

P. Ghanipour, “40-GHz electro-optic polarization modulator for 
fiber optic communications systems” in Proc. SPIE 5577, 
Photonics North 2004: Optical Components and Devices 
(Society of Photo-Optical Instrumentation Engineers, 2004), 
pp. 133-143. 

4. C. Wang et al., Nature 562, 101-104 (2018). 

5. L.R. Dalton, P. A. Sullivan, D. H. Bale, Chem. Rev. 110, 25-55 
(2010). 

6. E. L. Wooten et al., IEEE J. Sel. Top. Quantum Electron. 6, 
69-82 (2000). 

7. H. Nakano, K. Kanz, C. A. Ebbers, “A thermally compensated, 
deuterated KDP Q-switch for high average power lasers” in 
Summaries of Papers Presented at the Lasers and Electro-Optics. 
CLEO ‘02. Technical Diges. IEEE, (2002) pp. 179-180. 


N-PT, DKDP and LN crystals, measured at 1 kHz. 


8. G. Liet al., J. Cryst. Growth 274, 555-562 (2005). 

9. B.A. Fuchs, P. P. Hed, P. C. Baker, Appl. Opt. 25, 1733-1735 

(1986). 

M. Aillerie, N. Théofanous, M. D. Fontana, Appl. Phys. B 70, 

317-334 (2000). 

. M. Zgonik et al., Phys. Rev. B Condens. Matter 50, 5941-5949 
(1994). 

2. M. Zgonik, R. Schlesser, |. Biaggio, P. Gtinter, Ferroelectrics 

158, 217-222 (1994). 

3. X. Wan et al., Appl. Phys. Lett. 85, 5233-5235 (2004). 

. X. Wan, H. Luo, J. Wang, H. L. W. Chan, C. L. Choy, Solid State 
Commun. 129, 401-405 (2004). 

5. Y. Zhao et al., Ferroelectrics 542, 112-119 (2019). 

. Y. Zhao et al., J. Appl. Phys. 123, 084104 (2018). 

7. D.-Y. Jeong, Y. Lu, V. Sharma, Q. Zhang, H.-S. Luo, Jpn. J. Appl. Phys. 

42, 4387-4389 (2003). 

8. Q. Hu et al., Appl. Phys. Lett. 115, 222901 (2019). 

9. C. Qiu et al., Nature 577, 350-354 (2020). 

. F. Li, L. Wang, L. Jin, Z. Xu, S. Zhang, Cryst. Eng. Comm. 16, 

2892-2897 (2014). 

21. C. Deng et al., Adv. Mater. 33, e2103013 (2021). 

. S. Zhang, F. Li, J. Appl. Phys. 111, 031301 (2012). 

. H. Fu, R. E. Cohen, Nature 403, 281-283 (2000). 

. F. Li et al., Nat. Commun. 7, 13807 (2016). 


So 


= 


as 


D 


science.org SCIENCE 


RESEARCH | RESEARCH ARTICLES 


25. S. Zhang et al., Prog. Mater. Sci. 68, 1-66 
(2015). 
26. Z. Chen et al., Giant tuning of ferroelectricity in single crystals 
by thickness engineering. Sci. Adv. 6, eabc7156 (2020). 
27. M. Muller, E. Soergel, M. C. Wengler, K. Buse, Appl. Phys. B 78, 
367-370 (2004). 
28. F. G. Wakim, J. Chem. Phys. 49, 3738-3739 (1968). 
29. A. Jovanovic, M. Wéhlecke, S. Kapphan, A. Maillard, 
G. Godefroy, J. Phys. Chem. Solids 50, 623-627 
(1989). 
30. L. Kovacs, M. Wohlecke, A. Jovanovié, K. Polgar, S. Kapphan, 
J. Phys. Chem. Solids 52, 797-803 (1991). 
31. C. He et al., J. Appl. Phys. 110, 083513 (2011). 
32. F. Wu et al., J. Mater. Sci. 47, 2818-2822 (2012). 
33. E. Sun et al., J. Appl. Phys. 107, 113532 (2010). 
34. Materials and methods are available as supplementary 
materials. 
35. S. Ducharme, J. Feinberg, R. Neurgaonkar, IEEE J. Quantum 
Electron. 23, 2116-2121 (1987). 
36. H. Takenaka, |. Grinberg, S. Liu, A. M. Rappe, Nature 546, 
391-395 (2017). 
37. F. Li et al., Science 364, 264-268 (2019). 
38. M. Veithen, X. Gonze, Ph. Ghosez, Phys. Rev. B Condens. 
Matter Mater. Phys. 71, 125107 (2005). 
39. A. K. Hamze, A. A. Demkov, Phys. Rev. Mater. 2, 115202 
(2018). 
40. A. K. Hamze, M. Reynaud, J. Geler-Kremer, A. A. Demkov, 
Npj Comput. Mater. 6, 130 (2020). 
. M. Veithen, Ph. Ghosez, Phys. Rev. 71, 132101 
(2005). 
. W. Zhao et al., Ceram. Inter. 42, 11909-11914 
(2022) 
43. W. Koechner, Solid-State Laser Engineering, vol. 1 (Springer, 
1988). 


— 
= 


4 


Ph 


ACKNOWLEDGMENTS 


Funding: F.L., Z.X., and X.Y.W. acknowledge the support of the 
National Natural Science Foundation of China (grants 51922083, 
51831010, and 51761145024), the development programme of Shaanxi 
province (grants 2019ZDLGY04-09), the National Key R&D Program 
of China (grant 2021YFEO115000), and the 111 Project (B14040). 

H.T. acknowledge the support of the National Natural Science 
Foundation of China (grants 12074092 and 12004085) and the 
fellowship of China National Postdoctoral Program for Innovative 
Talents (grant BX20200111). B.X. acknowledges financial support from 
the National Natural Science Foundation of China (grant 12074277) 
and the Natural Science Foundation of Jiangsu Province 
(BK20201404). D.W. acknowledges the support of the Australian 
Research Council (FT180100541). B.W. and L.Q.C. acknowledge the 
support of the US National Science Foundation under grant DMR- 
1744213 and Materials Research Science and Engineering Center 
(MRSEC) grant DMR-1420620. Author contributions: The work was 
conceived and designed by S.Z., H.T., and F.L.; X.L. prepared the 
samples, with assistance from C.Q. and L.Q.; X.L. and P.T. performed 
the optical experiments, with assistance from W.Z.; P.T. and X.J. 
fabricated the device and characterized the performances, with 
assistance from C.W. and X.L.; K.S. and H.G. grew the crystals; F.L. and 
Z.X. supervised crystal growth; F.L., X.W., and H.T. supervised the 
optical experiments; H.T. supervised device fabrication and 
characterization; X.M. and B.X. performed the DFT calculation; 
Y.L. and B.W. performed the phase field simulations with the 
supervision of F.L. and L.Q.C.; F.L. and X.L. drafted the 
manuscript; S.Z., D.W., S.L., and L.Q.C. revised the manuscript, 
and all authors discussed the results. Competing interests: The 
authors declare that they have no competing interests. Data 
and materials availability: All relevant data are available in the 
main text or the supplementary materials. 


SUPPLEMENTARY MATERIALS 
science.org/doi/10.1126/science.abn7711 
Materials and Methods ——s—“‘i‘—SCS~S 
Supplementary Text 

Figs. S1 to S12 

Tables S1 to S7 

References (44-63) 

Movies S1 and S2 


19 December 2021; accepted 23 March 2022 
10.1126/science.abn7711 


SCIENCE science.org 


CELL BIOLOGY 


ESCRT-mediated membrane repair protects 
tumor-derived cells against T cell attack 


Alex T. Ritter’, Gleb Shtengel’, C. Shan Xu2, Aubrey Weigel’, David P. Hoffman?+, Melanie Freeman*t, 
Nirmala lyer’, Nensi Alivodej*+, David Ackerman’, Ilia Voskoboinik*, Joseph Trapani°, 


Harald F. Hess’, Ira Mellman** 


Cytotoxic T lymphocytes (CTLs) and natural killer cells kill virus-infected and tumor cells through 
the polarized release of perforin and granzymes. Perforin is a pore-forming toxin that creates a 
lesion in the plasma membrane of the target cell through which granzymes enter the cytosol and 
initiate apoptosis. Endosomal sorting complexes required for transport (ESCRT) proteins are involved 
in the repair of small membrane wounds. We found that ESCRT proteins were precisely recruited in 
target cells to sites of CTL engagement immediately after perforin release. Inhibition of ESCRT 
machinery in cancer-derived cells enhanced their susceptibility to CTL-mediated killing. Thus, repair 
of perforin pores by ESCRT machinery limits granzyme entry into the cytosol, potentially enabling 


target cells to resist cytolytic attack. 


ytotoxic lymphocytes, including cytotoxic 

T lymphocytes (CTLs) and natural killer 

(NK) cells, are responsible for identify- 

ing and destroying virus-infected or tu- 
morigenic cells. To kill their targets, 
CTLs and NK cells secrete a pore-forming 
toxin called perforin through which apoptosis- 
inducing serine proteases (granzymes) are 
delivered directly into the cytosol. Successful 
killing of target cells often requires multiple 
hits from single or multiple T cells (7). This has 
led to the idea that cytotoxicity is additive, often 
requiring multiple rounds of sublethal lytic 
granule secretion events before a sufficient 
threshold of cytosolic granzyme activity is 
reached to initiate apoptosis in the target (2). 
Loss of plasma membrane integrity induced 
by cytolytic proteins or mechanical damage 
leads to a membrane repair response. Dam- 
age results in an influx of extracellular Ca?*, 
which has been proposed to lead to the re- 
moval of the membrane lesion by endocytosis, 
resealing of the lesions by lysosomal secretion, 
or budding into extracellular vesicles (3). Per- 
forin pore formation was initially reported to 
enhance endocytosis of perforin (4), but sub- 
sequent work has challenged this claim (5). 
Endosomal sorting complexes required for 
transport (ESCRT) proteins can repair small 
wounds and pores in the plasma membrane 
caused by bacterial pore-forming toxins, mech- 
anical wounding, and laser ablation (6, 7). 
ESCRT proteins are transiently recruited 
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to sites of membrane damage in a Ca?*- 
dependent fashion, where they assemble bud- 
ding structures that shed to eliminate the 
wound and restore plasma membrane integ- 
rity. ESCRT-dependent membrane repair has 
been implicated in the resealing of endoge- 
nous pore-mediated plasma membrane dam- 
age during necroptosis (8) and pyroptosis (9). 


Localization of target-derived ESCRT proteins 
to the cytolytic synapse 


To investigate whether ESCRT-mediated mem- 
brane repair might be involved in the removal 
of perforin pores during T cell killing, we first 
determined whether ESCRT proteins in cancer- 
derived cells were recruited to sites of CTL 
engagement after perforin secretion. We used 
CTLs from OT-I mice that express a high- 
affinity T cell receptor (TCR) that recognizes 
the ovalbumin peptide SIINFEKL (OVAg57-964,) 
bound to the major histocompatibility com- 
plex (MHC) allele H-2Kb (J0). We performed 
live-cell microscopy of OT-I CTLs engaging 
SITINFEKL-pulsed target cells that express en- 
hanced green fluorescent protein (EGFP)-tagged 
versions of Tsg101 or Chmp4b, two ESCRT 
proteins implicated in membrane repair (6). 
To correlate recruitment of ESCRT proteins 
with perforin exposure in time, we monitored 
CTL-target interaction in media with a high 
concentration of propidium iodide (PI), a cell- 
impermeable fluorogenic dye that can rapidly 
diffuse through perforin pores to bind and il- 
luminate nucleic acids in the cytosol and nu- 
cleus of the target (5). EGFP-tagged ESCRT 
proteins were consistently recruited to the site 
of CTL engagement within 30 to 60 s after PI 
influx (Fig. 1, A and B). EGFP-Tsg101 and EGFP- 
Chmp4b in target cells accumulated at the 
cytolytic synapse after PI influx in 25 of 27 
(92.6%) and 31 of 33 (93.9%) of conjugates 
monitored, respectively, compared with a cy- 
tosolic EGFP control, which was not recruited 
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EGFP-Tsg101 


| 
Propidium lodide | 


EGFP-Chmp4b 


Fig. 1. Fluorescently tagged ESCRT proteins in targets localize to site of 


CTL killing after perforin secretion. (A) Live-cell spi 
imaging of a fluorescently labeled OT-I CTL (magenta) 


cell expressing EGFP-Tsg101 (green) in media containing 100 uM PI (red). 


arrowheads highlight ESCRT recruitment. T-0:00 is th 


into the target cell (time in minutes:seconds). Scale bar, 10 um. (B) Graph 
of EGFP-Tsgl01 and PI fluorescence intensity at the IS within the target over 


time, from example in (A). AU, arbitrary units. (© and 
CTL-target conjugates exhibiting accumulation of EGF 


(Fig. 1C and movies S1 to $3). Notably, ESCRT- 
laden material, presumably membrane frag- 
ments, frequently detached from the target 
cell and adhered to the surface of the CTL 
(Fig. 1, D and E, and movie S2). We observed 
this phenomenon in ~60% of conjugates im- 
aged in which targets expressed EGFP-Tsg101 
or EGFP-Chmp4b (17 of 27 and 20 of 33 con- 
jugates, respectively; Fig. 1D). Shedding of 
ESCRT-positive membrane from the cell after 
repair occurs after laser-induced plasma mem- 
brane wounding (6, 7). Plasma membrane 
fragments shed from the target cell into the 
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synaptic cleft likely contain ligands for CTL- 
resident receptors. Target cell death would 
separate the CTL and target, revealing target- 
derived material on the CTL surface. 


3D cryo-SIM and FIB-SEM imaging of CTLs 
caught in the act of killing target cells 


Although live-cell imaging indicated that ESCRT 
complexes were rapidly recruited at sites of 
T cell-target cell contact, light microscopy 
alone is of insufficient resolution to establish 
that this event occurred at the immunological 
synapse (IS). We thus sought to capture a 
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influx (C) or detectable EGFP-labeled material associated with CTL after target 
interaction (D) (EGFP condition: N = 22 conjugates in seven independent 
experiments; EGFP-Tsgl01 condition: N = 27 conjugates in nine independent 
experiments; EGFP-Chmp4b condition: N = 33 conjugates in 24 independent 
experiments). (E) Live-cell spinning disk confocal imaging of OT-I CTL (magenta) 
killing MC38 expressing EGFP-Chmp4b (green), demonstrating the presence 

of target-derived EGFP-Chmp4b material (yellow arrowheads) associated with 
CTL membrane after a productive target encounter. T-0:00 is the first frame of PI 
influx into the target cell. Scale bar, 10 ym. 


comprehensive view of the IS in the moments 
immediately after secretion of lytic granules. 
We used cryo-fluorescence imaging followed 
by correlative focused ion beam-scanning elec- 
tron microscopy (FIB-SEM), which can achieve 
isotropic three-dimensional (3D) imaging of 
whole cells at 8-nm resolution or better (17-13). 
To capture the immediate response of target 
cells after perforin exposure, we developed a 
strategy whereby cryo-fixed CTL-target con- 
jugates were selected shortly after perforation, 
indicated by the presence of a PI gradient 
in the target (fig. S1A). In live-cell imaging 
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experiments, PI fluorescence across the nu- 
cleus of SIINFEKL-pulsed ID8 target cells 
began as a gradient and became homogeneous 
158 + 64 s, on average, after initial PI influx 
(N = 31 conjugates; fig. S1, B and C, and movie 
S4). Thus, fixed CTL-target conjugates that 
exhibited a gradient of PI across the nucleus 
would have been captured within ~3 min of 
perforin exposure. 

Coverslips of CTL-target conjugates under- 
went high-pressure freezing and were sub- 
sequently imaged with wide-field cryogenic 
fluorescence microscopy followed by 3D cryo- 
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@Lytic Granule =@ Mitochondria 
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Fig. 2. Eight-nm-resolution 3D 
FIB-SEM imaging of whole CTL-target 


conjugate. (A) 3D rendering of 
segmented plasma membrane predic- 
tions derived from isotropic 8-nm- 
resolution FIB-SEM imaging of a 
high-pressure frozen OT-I CTL (red) 
captured moments after secretion of lytic 
granules toward a peptide-pulsed ID8 
ovarian cancer cell (blue). (i) Side-on sliced 
view corresponding to the gray horizontal 
line within the inset box in (A). Seen here are 
3D renderings of the segmented plasma 


Cancer cell 
| Intercellular 

Material 

T cell 


structured illumination microscopy (3D cryo- 
SIM) performed in a customized optical cryostat 
(14). We selected candidate conjugates for FIB- 
SEM imaging on the basis of whether a gra- 
dient of PI fluorescence was observed across 
the nucleus of the target emanating from an 
attached CTL (movie S5). FIB-SEM imaging 
of the CTL-target conjugate at 8-nm isotropic 
voxels resulted in a stack of >10,000 individual 
electron microscopy (EM) images. The image 
stack was then annotated using a human- 
assisted machine learning-computer vision 
platform to segment the plasma membranes 


membrane of the cancer cell (blue) as well 
as the CTL plasma membrane (red), cen- 
trosome (gold), Golgi apparatus (cyan), lytic 
granules (purple), mitochondria (green), 
and nucleus (gray). (ii and iii) A zoomed-in 
view from the dashed white box in (i) 
shows the details of the IS (ii) and a single 
corresponding FIB-SEM slice docked onto 
the segmented data (iii). (B) Single top- 
down FIB-SEM slice showing overlaid target 
cell (blue) and CTL (red) segmentation. 

(i) Zoomed-in view from dashed white box in 
(B) details the intercellular material (IM) 
(gray) between the CTL and target at the 
IS. (C) Zoomed-in image of a 3D rendering 
of the surface of the target cell plasma 
membrane (white) opposite the intercellular 
material (IM) at the IS. Yellow arrowheads 
mark plasma membrane buds protruding 
into the synaptic cleft. (i and ii) Accompa- 
nying images demonstrate the orientation of 
the view in (C) with the rendering of the 
CTL (red) present (i) and removed (ii), and 
the dashed yellow box in (ii) indicates the 
area of detail shown in (C). 


of each cell along with cell nuclei and various 
organelles (https://ariadne.ai/). 

We captured four isotropic 3D 8-nm- 
resolution EM datasets of CTLs killing cancer 
cells moments after the secretion of lytic 
granule contents (Fig. 2A and movie S6). 
Semiautomated segmentation of the cell mem- 
branes, nuclei, lytic granules, Golgi apparatus, 
mitochondria, and centrosomes of the T cells 
allow for easier visualization and analysis of 
the 3D EM data. All FIB-SEM datasets and 
segmentations can be explored online at 
https://openorganellejanelia.org (see links in 
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oO 
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Fig. 3. Correlative 3D cryo-SIM and FIB-SEM reveal localization of target- 
derived ESCRT within the cytolytic IS. (A) Three example datasets showing 
correlative 3D cryo-SIM and FIB-SEM imaging of OT-I CTLs (red) captured moments 
after secretion of lytic granules toward peptide-pulsed ID8 cancer cells (blue) 


the supplementary materials). Reconstructed 
views of the segmented data clearly demon- 
strate the polarization of the centrosome, Golgi 
apparatus, and lytic granules to the IS—all of 
which are hallmarks of CTL killing [Fig. 2A, i to 
iii, and movie S6, time stamp (TS) 1:33] (15, 16). 
On the target cell side, we noted cytoplasmic 
alterations consistent with cell damage includ- 
ing enhanced electron density of mitochon- 
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ii jrc_ctl-id8-4 


dria adjacent to the IS (fig. S2A). Close visual 
scanning of the postsynaptic target cell mem- 
brane in the raw EM data failed to reveal 
obvious perforin pores, which have diameters 
(16 to 22 nm) close to the limit of resolution for 
this technique (17). 

The segmentation of the two cells illustrates 
the detailed topography of the plasma mem- 
brane of the CTL and target at the IS (fig. S2B). 


iii jrc_ctl-id8-5 


expressing mEmerald-Chmp4b (green fluorescence). (B and C) Single FIB-SEM 
slices corresponding to the orange boxes in (A), overlaid with CTL and cancer 
cell segmentation (B) or correlative cryo-SIM fluorescence of mEmerald-Chmp4b 
derived from the target cell (C). 


The raw EM and segmentation data reveal a 
dense accumulation of particles, vesicles, and 
multilamellar membranous materials, which 
crowd the synaptic cleft between the CTL 
and the target (Fig. 2B and movie S6, TS 
0:40 to 0:50). The source of this intercellular 
material (IM) was likely in part the lytic 
granules because close inspection revealed 
similar particles and dense vesicles located 
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Fig. 4. ESCRT inhibition enhances susceptibility of cancer cells to CTL 
killing and recombinant lytic proteins. (A) Representative time-lapse data of 
killing of peptide-pulsed Chmp4b knockout (KO) or control B16-F10 cells by OT-| 
CTLs. Affinity of the pulsed peptide to OT-| TCR decreases from left to right. 
Error bars indicate SDs. (B) Images extracted from T4 medium-affinity peptide 
condition show software-detected caspase 3/7+ events in control and Chmp4b 
KO conditions. (© and D) Data representing the 4-hour time point of assays 
measuring OT-I T cells killing either Chmp4b KO (C) or VPS4 dominant-negative 
(D) target cells with matched controls. Error bars indicate SDs of data. Data are 
representative of at least three independent experimental replicates. pMHC, 
peptide-MHC; HA, hemagglutinin. (E and F) Determination of sublytic dose of Prf. 


ng/mL/1046 cells 


@ VPS4a E228Q 


B16-F10 cells expressing VPS4a (WT or E228Q) were exposed to increasing 
concentrations of Prf. Cell viability was determined by morphological gating (E). 
FSC, forward scatter; SSC, side scatter. (G and H) B16-F10 cells expressing 
VPS4a (WT or E228Q) were exposed to a sublytic dose of Prf in combination with 
increasing concentrations of recombinant GZMB (rGZMB). Cell death was 
determined by Annexin V—allophycocyanin (APC) staining (G). Controls include a 
condition with no perforin and 5000 ng/ml rGZMB and sublytic perforin with no 
rGZMB. Graphs in (F) and (H) represent the means of three experiments, and 
error bars indicate SDs. Statistical significance was determined by multiple 
unpaired t tests with alpha = 0.05. ns, not significant; *P < 0.05; **P < 0.01; 
***P < 0.001. 


within as-yet-unreleased granules (fig. S2C). 
To determine whether some of the membra- 
nous material within the intercellular space 
might also have been derived from the target 
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cell, we examined the surface topology of the 
postsynaptic target cell. We noted multiple 
tubular and bud-like protrusions of the target 
cell membrane that extended into the synaptic 


space; thus, at least some of the membrane 
structures observed were still in continuity 
with the target cell (Fig. 2C and movie S6, TS 
0:58 to 1:11). ESCRT proteins have been shown 
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to generate budding structures in the context 
of plasma membrane repair (6), which led us 
to next assess where target-derived ESCRT 
proteins are distributed in the context of the 
postsecretion IS. 

To map the localization of target-derived 
ESCRT proteins onto a high-resolution land- 
scape of the IS, we captured three FIB-SEM 
datasets that have associated 3D cryo-SIM 
fluorescence data for mEmerald-Chmp4b lo- 
calization (Fig. 3A, fig. S3, and movie S7). This 
correlative light and electron microscopy 
(CLEM) revealed that mEmerald-Chmp4b 
expressed in the target cell was specifically re- 
cruited to the target plasma membrane oppo- 
site the secreted IM (Fig. 3, B and C). The 
topography of the plasma membrane at the 
site of ESCRT recruitment was markedly con- 
voluted, exhibiting many bud-like projections 
(movie $7, TS 0:37 to 0:40). mEmerald-Chmp4b 
fluorescence also overlapped with some ve- 
sicular structures in the intercellular synaptic 
space (Fig. 3C). Together, the live-cell imaging 
and the 3D cryo-SIM and FIB-SEM CLEM 
demonstrate the localization of ESCRT pro- 
teins at the synapse that was the definitive 
site of CTL killing and was thus spatially and 
temporally correlated to perforin secretion. 
These data implicate the ESCRT complex in 
the repair of perforin pores. 


Function of ESCRT proteins in repair of 
perforin pores 


We next investigated whether ESCRT inhibi- 
tion could enhance the susceptibility of target 
cells to CTL-mediated killing. Prolonged inac- 
tivation of the ESCRT pathway is itself 
cytotoxic (9). We thus developed strategies to 
ablate ESCRT function that would allow us 
a window of time to assess CTL killing (fig. 
S4). We used two approaches to block ESCRT 
function: CRISPR knockout of the Chmp4b 
gene or overexpression of VPS4a™??82 
(E228Q, Glu?” —. Gln), a dominant-negative 
kinase allele that impairs ESCRT function 
(fig. S4, A to C) (10). We took care to com- 
plete our assessment of target killing well 
in advance of spontaneous target cell death 
(fig. S4D). 

We tested the capacity of OT-I CTLs to kill 
targets presenting one of four previously char- 
acterized peptides that demonstrate a range 
of potencies at stimulating the OT-I TCR: 
SINFEKL (N4), the cognate peptide, and three 
separate variants (in order of highest to lowest 
affinity), SIITFEKL (T4), SIIQFEHL (Q4H7), 
and SIIGFEKL (G4) (78, 19). Target cells were 
pulsed with peptide, washed, transferred to 
96-well plates, and allowed to adhere before 
the addition of OT-I CTLs. Killing was assessed 
by monitoring the uptake of a fluorogenic cas- 
pase 3/7 indicator (Fig. 4, A to D, and fig. S5A). 
Killing was significantly more efficient in ESCRT- 
inhibited target cells for both CRISPR deple- 
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tion of Chmp4b (Fig. 4, A to C) and expression 
of the dominant-negative VPS4a"”*5° (Fig. 4D). 
The difference in killing between the ESCRT- 
inhibited and control cells was greater when 
the lower-potency T4, Q4H7, and G4 peptides 
were used. Nevertheless, ESCRT inhibition mod- 
erately improved killing efficiency even in the 
case of the high-potency SIINFEKL peptide. 
ESCRT inhibition had no effect on MHC class I 
expression on the surface of target cells (fig. S5B). 
Thus, ESCRT inhibition could sensitize target 
cells to perforin- and granzyme-mediated kill- 
ing, especially at physiologically relevant TCR- 
peptide MHC affinities. 

We next directly tested the effects of ESCRT 
inhibition when target cells were exposed to 
both recombinant perforin (Prf) and gran- 
zyme B (GZMB), the most potently proapop- 
totic granzyme in humans and mice (20). Prf 
alone at high concentrations can lyse cells 
(4), so we first determined a sublytic Prf con- 
centration that would temporarily permeabi- 
lize the plasma membrane but permit the cells 
to recover. B16-F10 cells expressing either 
VPs4a"" (WT, wild-type) or VPS4a™?"°° were 
exposed to a range of Prf concentrations in the 
presence of PI, and cell viability and PI uptake 
were assessed using flow cytometry. Cells that 
expressed dominant-negative VPS4a"?782 
were more sensitive to Prf alone than ESCRT- 
competent cells (Fig. 4, E and F). At 160 ng/ml 
Prf, there was no significant difference in 
cell viability for either condition. Cells in 
the live gate that were PI+ had been permea- 
bilized by Prf but recovered. Although the 
percentage of PI+ live cells was similar 
under both sets of conditions, the mean 
fluorescence intensity of PI was higher in 
live ESCRT-inhibited cells (fig. S6). A delay in 
plasma membrane resealing could account 
for this difference. 

We reasoned that delaying perforin pore re- 
pair might also enhance GZMB uptake into 
the target. ESCRT-inhibited cells were more 
sensitive to combined perforin-GZMB when 
cell death was measured by Annexin V 
staining (Fig. 4, G and H). Similar results 
were observed when these experiments 
were repeated with a murine lymphoma can- 
cer cell line (fig. $7). The observation that 
ESCRT-inhibited target cells are more sen- 
sitive to both CTL-secreted and Prf-GZMB 
supports the hypothesis that the ESCRT path- 
way contributes to membrane repair after Prf 
exposure. 

Escaping cell death is one of the hallmarks 
of cancer. Our findings suggest that ESCRT- 
mediated membrane repair of perforin pores 
may restrict accessibility of the target cytosol 
to CTL-secreted granzyme, thus promoting 
survival of cancer-derived cells under cytolytic 
attack. Although other factors may contribute 
to setting the threshold for target susceptibil- 
ity to killing, the role of active repair of per- 


forin pores must now be considered as a clear 
contributing factor. 
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PROTEIN DESIGN 


Computational design of mechanically coupled 
axle-rotor protein assemblies 
A. Courbet"?3+, J. Hansen*t, Y. Hsia’, N. Bethel’, Y.-J. Park’, C. Xut23, A. Moyer??, 


S. E. Boyken**+, G. Ueda, U. Nattermann*’, D. Nagarajan’, D. Silva'?+, W. Sheffler™?, J. Quispe’, 
A. Nord®, N. King?, P. Bradley’, D. Veesler*, J. Kollman’, D. Baker??3* 


Natural molecular machines contain protein components that undergo motion relative to each other. Designing 
such mechanically constrained nanoscale protein architectures with internal degrees of freedom is an 
outstanding challenge for computational protein design. Here we explore the de novo construction of protein 
machinery from designed axle and rotor components with internal cyclic or dihedral symmetry. We find that the 
axle-rotor systems assemble in vitro and in vivo as designed. Using cryo—electron microscopy, we find that 
these systems populate conformationally variable relative orientations reflecting the symmetry of the coupled 
components and the computationally designed interface energy landscape. These mechanical systems with 
internal degrees of freedom are a step toward the design of genetically encodable nanomachines. 


ntricate protein nanomachines in nature 
have evolved to process energy and in- 
formation by coupling biochemical free 
energy to mechanical work. Among the 
best studied and most sophisticated are 
protein rotary machines such as the F,; motor 
of adenosine triphosphatase or the bacterial 
flagellum, which contain axle-like and ring- 
like symmetric protein components capable 
of constrained dynamic motion relative to 
each other (7-3). Feynman’s 1959 lecture on 
nanotechnology as a means to leverage the 
properties of materials at the molecular scale 
(4) inspired interest in synthetic nanomachines 
(5, 6). Synthetic chemists were the first to 
design molecules with mechanically coupled 
components (7-9). Nucleic acid nanotechnol- 
ogies have more recently been used to con- 
struct rotary systems (10). Designed dynamic 
protein mechanical systems are of great in- 
terest given the richer functionality of pro- 
teins, but with this functionality comes more 
complex folding and a greater diversity of 
noncovalent interactions, which, despite recent 
advances in design of static protein nanostruc- 
tures (11-19), has made the design of protein 
machines an outstanding challenge (20). 
We explored the design of protein mechani- 
cal systems through a first-principle, bottom-up 
approach that focuses on operational concepts 
independent from the complex evolutionary 
trajectory of natural nanomachines. Previous 
two-component protein assembly design studies 
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have focused on nanomaterials such as ico- 
sahedral nanocages (27) and two-dimensional 
(2D) arrays (19) in which the components have 
fixed orientations relative to one another. In 
this work, we sought to design a nanoscale 
simple machine or kinematic pair (22, 23) in 
which two mechanically coupled protein com- 
ponents undergo Brownian diffusion along 
internal degrees of freedom (DOFs). We used a 
hierarchical design approach with three steps: 
(i) de novo design of stable and rigid protein 
components suitable for assembly into con- 
strained mechanical systems, (ii) directed 
self-assembly of these components into hetero- 
oligomeric complexes, and (iii) shaping of the 
multistate energetic landscape along the me- 
chanical DOFs. A major challenge is to de- 
sign the interface between the two designed 
rigid bodies to have sufficiently low energy to 
drive self-assembly, while still allowing rela- 
tive motion of the components. We started 
from a machine blueprint that consists of two 
coupled structural components resembling an 
axle and rotor (Fig. 1A), in which, similar to 
natural protein rotary systems, the features 
of the energy landscape are determined by 
the symmetry of the interacting components, 
their shape complementarity, and specific in- 
teractions across the interface. 


Computational design of protein 
mechanical components 


We first sought to design ringlike protein to- 
pologies, or rotors, with a range of inner di- 
ameter sizes capable of accommodating an 
axle-like binding partner (Fig. 1B). In a first 
approach, we started from de novo a-helical 
tandem repeat proteins (24) and redesigned 
them to form Cl single-chain structures or 
symmetric C3 or C4 homo-oligomers. In a 
second approach, we started from de novo 
helical repeat proteins (DHRs) and helical 
bundle heterodimers and used a hierarchical 
design procedure based on architecture-guided 


rigid helical fusion (74) to build C3 and C5 cyclic 
symmetric rotor structures. To facilitate sub- 
sequent microscopy characterization and mod- 
ularity, we fused another set of DHRs at the 
outer side of the rotors, generating armlike 
extensions (Fig. 1, A and B). Synthetic genes 
encoding these rotor designs (12xC3s, 12xC4s, 
2xC5s) were synthesized and the proteins ex- 
pressed in Escherichia coli. All designed proteins 
were soluble after purification on nickel- 
nitrilotriacetic acid (Ni-NTA) columns, and 
~23% (6/26) had size exclusion chromatogra- 
phy (SEC) profiles that matched the expected 
theoretical elution profile for the oligomeriza- 
tion state (figs. S1 and S2 and table S1). These 
designs were further examined using small- 
angle x-ray scattering (SAXS) (25, 26), negative 
stain electron microscopy, or cryo-electron 
microscopy (cryo-EM) (fig. S1). For the C3_R1 
rotor, SAXS data analysis was consistent with 
the computational model [volatility ratio 
(Vr) = 4.684] (table S2 and fig. S2), and we 
were able to determine using cryo-EM a 6.0-A 
3D reconstruction that was close to the design 
model [backbone root mean square deviation 
(RMSD) = 3.451 A] (Fig. 1B; figs. S1, S4, and S5; 
and table S3). Similar results were obtained 
for another design of the same topology 
(C3_R2) (fig. $1). For the C4 design C4_1, 
we obtained a 7.9-A cryo-EM density map 
closely consistent with the design model 
(backbone RMSD = 1.8 A) (Fig. 1B; figs. S1, S5, 
and S6; and table $3). C3 and C5 rotors with 
larger inner diameter and different topology 
(C3_R3 and C5_2) were characterized using 
negative stain EM, yielding low-resolution 
3D reconstructions consistent with the de- 
sign model (Fig. 1B and fig. S1). 

We next sought to design high-aspect ratio 
protein components, or axles, onto which the 
designed rotor protein could be threaded, using 
three different design approaches. In a first 
approach, single-helix backbones were para- 
metrically generated, and the sequence was 
optimized in D2, D3, or D4 dihedral symmetry 
using buried hydrogen bond networks and 
hydrophobic contacts to produce self-assembling 
homo-oligomer interfaces with the high level 
of specificity needed for dihedral assembly 
(Fig. 2A). To increase the total mass and di- 
versify the shape for subsequent EM analysis, 
the termini of these rod-shaped structures were 
rigidly fused to cyclic homo-oligomers of match- 
ing symmetry (i.e., Dn dihedral assemblies 
were fused with Cz cyclic assemblies) to create 
dumbbell-shaped structures. In a second ap- 
proach, two copies of designed cyclic homo- 
oligomers were assembled into dihedral 
structures by connecting them with rigid heli- 
cal bundle connectors built using fragment 
sampling (Fig. 2B). In a third approach, pa- 
rametrically generated homotrimer backbones 
consisting of helical hairpin monomer top- 
ologies (27) were circularly permuted and 
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elongated to generate extended C3 homo- 
oligomers (Fig. 2C). Details of the methods, 
as well as scripts for carrying out the design 
calculations, are provided in the supplemen- 
tary materials. Synthetic genes encoding axle 
designs generated from the three approaches 
(12xC3s, 12xC5s, 12xC8s, 6xD2s, 12xD3s, 6xD4s, 
6xD5s, and 12xD8s) were obtained, and the 
proteins were expressed in E. coli. The de- 
signed proteins that were well expressed, 
soluble, and readily purified by Ni-NTA affi- 
nity chromatography were further purified on 
SEC. Success rates for the first, second, and 
third approach were 37.5% (6/16), 43% (14/32), 
and 33% (4/12), respectively, as assessed by the 
match between estimated molecular weight 
(MW) from SEC with the MW of the design 
model (Fig. 2D; figs. S1 to S3; and table S1). 
Designs with matching SEC traces were fur- 
ther examined using SAXS, negative stain EM, 
and cryo-EM (figs. S1 to $3). 

The first approach generated D2, D3, and 
D4 axle-like structures with folds featuring 
interdigitated helices with extended hydrogen 
bond networks. We obtained a 4.2-A 3D recon- 
struction of a D3 axle (D3_3) with backbone 
nearly identical to the design model (back- 
bone RMSD = 1.9 A) (Fig. 2A and figs. S3, $4, 
and $7); SAXS data were also consistent with 
the design model (Vr = 6.0) (table S2 and 
figs. S1 and $2). The central homohexameric 


Axle 


Interface 


50-residue helices (D3_2) could also be solubly 
expressed and formed an oligomeric self- 
assembly that eluted at the expected volume 
(fig. S3 and table S1). D3 design D3_1, consist- 
ing of 36-residue-long single helices, was pro- 
duced by chemical peptide synthesis and 
assembled into a homohexamer (figs. S3 and 
S8), and fusion to wheel-like C3s generated a 
larger D3 oligomer as designed (D3_4) (fig. 
83). A D4 peptide homo-oligomer designed 
using the same approach (D4_1) had a SEC 
profile consistent with the expected oligomer- 
ic state (figs. S2 and S3 and table S1). Negative 
stain EM of a D2 design (D2_2) yielded a low- 
resolution 3D reconstruction with the overall 
features of the design model (Fig. 2D and fig. 
$3); the corresponding central 50-residue D2 
peptide (D2_1) could also be expressed, and 
the SEC elution volume corresponded to the 
expected oligomeric state (fig. S3 and table S1). 

The second approach generated D3, D4, D5, 
and D8 axle-like structures, with interdigi- 
tated helices with internal cavities in the D5 
and D8 cases where each central helix only 
contacts the two neighboring ones (Fig. 2B). 
We obtained a 7.4-A electron density map of 
a D8 design (D8_1) revealing a backbone 
structure nearly identical to the design model 
(backbone RMSD = 2.9 A) (Fig. 2B and figs. S3, 
S5, and S6). This cylinder-shaped homode- 
cahexamer has a large central cavity, an 84- 


residue helix, and opposing N and C termini 
close to its center (Fig. 2B and fig. S3). Nega- 
tive stain EM 3D reconstructions of D8_2, 
D8_3, D5_2, and D4_2 were consistent with 
the design models (Fig. 2D and fig. $3). We 
converted several of these designs from di- 
hedral to cyclic symmetry by connecting N 
and C termini, and two such designs, one C5 
(C5_1) and one C8 (C8_1), yielded EM recon- 
structions with good agreement with the de- 
sign model (Fig. 2D and figs. S1 and S3). 
SAXS profiles of additional designs (4xD3s, 
2xD4s, and 1xD5) were consistent with the 
design models with Vr < 10 in most cases and 
measured MW within 15% of the design mod- 
el for D3_1 and D3_8, and within 1% for D5_1 
(table S2 and figs. S2 and S3). 

The third approach yielded four C3 axles 
with smaller aspect ratios and overall sizes, 
containing a large wheel-like feature at one 
end, a narrow central three-helix section, and 
a six-helix section at the other end. SAXS pro- 
files together with SEC traces suggested that 
the designed oligomerization state is realized 
in solution (Vr ~ 12) (tables S1 and S2 and figs. 
S1 and S82). For design C3_A1, we obtained a 
low-resolution cryo-EM map that recapitulates 
the general features of the design model, with 
prominent C3 symmetric DHR extremities and 
opposing prism-like extensions (Fig. 2C and 
figs. Sl and S4). 


Fig. 1. Overview of protein machine assembly and rotor component design 
approaches. (A) (Left) A blueprint of a simple two-component machine 
consisting of an assembly of an axle and a rotor mechanically constrained by the 
shape of the interface between the two. (Middle) Systematic generation by 
computational design of a structurally diverse library of machine components 
and design of interfaces between axle and rotor that mechanically couple the 
components and direct assembly. (Right) Example of hierarchical design and 
assembly of a protein machine from axle and rotor components, here a D3 axle 
and C3 rotor, and interacting interface residues. Wheel-like cyclic DHRs are fused 
to the end of the axle and rotor components to increase mass and provide a 
modular handle and a structural signature to monitor conformational variability. 
(B) Hierarchical design strategies for rotor components. (Top) A single-chain 
C1 symmetric and internally C12 symmetric a-helical tandem repeat protein is 
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split into three subunits, and each is fused to DHRs by means of helical fusion 
(HelixFuse) to generate a C3 rotor (C3_R1) with an internal diameter of 28 A. 
The 6.0-A cryo-EM electron density (shown in gray) shows agreement with the 
design model. (Middle) A single-chain Cl symmetric and internally C24 symmetric 
a-helical tandem repeat protein is split into four subunits, and each is fused to DHRs to 
generate a C4 rotor (C4_1) with an internal diameter of 57 A. The 7.9-A cryo-EM 
electron density (shown in gray) shows agreement with the design model. (Bottom) 
Hetero-oligomeric helical bundles and DHRs are fused and assembled into a 
higher-ordered closed C3 structure through helical fusion, after which another 
round of helical fusion protocol is used to fuse DHRs to each subunit, to generate a 
C3 rotor (C3_R3) with an internal diameter of 41 A. The negative stain electron 
density (shown in gray) shows agreement with the design model. Monomer 
subunits are colored by chain. Scale bar, 10 nm. 
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Design of mechanically coupled 

axle-rotor assemblies 

We next investigated the construction of me- 
chanically constrained axle-rotor assemblies from 
the designed axles and rotors. As noted above, 
an inherent challenge for the de novo design 
of dynamic protein complexes is to incorpo- 
rate sufficient energetically favorable interac- 
tions to enable directed self-assembly without 


creating deep energy minima that lock the as- 
sembly into a single state and prevent Brownian 
diffusion along the mechanical DOFs. We ex- 
plored three approaches for constructing axle- 
rotor assemblies, which result in interfaces 
with widely varying energetics, shape comple- 
mentarity, and symmetry. 

First, we sought to construct two-component 
assemblies in which the rigid body orientation 


of the axle and rotor was minimally constrained. 
We designed symmetry-mismatched axle-rotor 
interfaces with low orientational specificity and 
loose interface packing, allowing only small 
numbers of close contacts across the inter- 
face and using primarily electrostatic inter- 
actions between rotor and axle, which are 
longer range and less dependent on shape 
matching than the hydrophobic interactions 


symmetry 
— 


Fig. 2. Design of axle machine components. (A) Hierarchical design of a 

D3 symmetric homohexamer axle (D3_3). Parametric design of interdigitated 
helices in D3 symmetry was achieved by sampling supercoil radius (RO1, R02), 
helical phase (Aq 4, A@.2), supercoil phase (A@o.1, A@o-2) of two helical 
fragments, and the z-offset and supercoil twist (wo). The interface was designed 
using the HBNet protocol to identify hydrogen bond networks spanning the six 
helices mediating high-order specificity. The design was then fused to C3 wheel- 
ike homotrimers using RosettaRemodel. The 4.2-A cryo-EM electron density 

is consistent with the design model. (B) Hierarchical design of a D8 axle (D8_1). 
Interdigitated helical extensions at the termini of a parametrically designed C8 
homohexamer were sampled using Rosetta BluePrintBuilder, and hydrogen bond 
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networks were identified using HBNet, while sampling rotation and translation in 
D8 symmetry using Rosetta SymDofMover. The 7.4-A cryo-EM electron density 
is in close agreement with the design model. (€) Hierarchical design of a C3 
homotrimer axle (C3_Al). A parametrically designed C3 homotrimer was 
circularly permutated and an extra heptad repeat added to increase the aspect 
ratio, after DHRs were fused to each subunit using HelixFuse. The negative 
stain electron density is consistent with the design model. (D) Additional axle 
components overlaid with experimental negative stain electron density, 
corresponding to (from left to right) D2 (D2_2), D4 (D4_2), D5 (D5_2), C8 (C8_1), 
and D8 (D8_3) designs. Model monomer subunits are colored by chain, and 
electron densities are shown as gray surfaces. Scale bar, 10 nm. 
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generally used in protein design. To prevent 
potential disassembly at low concentrations 
owing to weak axle-rotor interactions, we 
sought to kinetically trap the rotor around the 
axle by installing disulfide bonds at the rotor 
subunit-subunit interfaces. To gain stepwise 
control on the in vitro assembly process, we 
introduced buried histidine-mediated hydrogen 
bond networks at the asymmetric interfaces 
between rotor subunits to enable pH-controlled 
rotor assembly (fig. S9, and see methods in 
the supplementary materials). To test this ap- 
proach, we selected three of the machine com- 
ponents described above—a D3 axle, a C3 
rotor, and a C5 rotor—and constructed axle- 
rotor assemblies with D3-C3 and D3-C5 sym- 
metries (designs D3-C5 and D3-C3, respectively) 
(Fig. 3A and fig. S10). To thread axles and rotor 
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together, we computationally sampled rota- 
tional and translational DOFs and designed 
complementary electrostatic interacting sur- 
faces excluding positively charged residues 
on the axle (lysine and arginine) and nega- 
tively charged residues on the rotor (aspartate 
and glutamate). Given the shape complemen- 
tarity between the internal diameter of the 
rotors and the axle thickness, the interface is 
tight for D3-C3, constraining the rotor on the 
axle, and loose for D3-C5. By design, the D3-C3 
can rotate and translate along the main sym- 
metry axis (z), whereas the D3-C5 rotor has 
rotation and translation components along a, 
y, and z (Fig. 3, A and B, and fig. S11). Synthetic 
genes encoding the one axle and two rotor 
designs were obtained, and the proteins were 
separately expressed in E. coli and purified 
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by Ni-NTA affinity chromatography and SEC, 
which indicated that the surface redesign did 
not affect solubility or oligomerization state 
(figs. Sl and S3). After stoichiometric mixing of 
the designed D3 axle and C3 rotor, EM analy- 
sis showed a collection of assembled and iso- 
lated axle and rotor molecules (fig. S9A, top 
panel). After dropping the pH and reducing 
the disulfide, the particles appeared as a mix- 
ture of opened, linear, and hard-to-distinguish 
particles (fig. S9A, middle panel). After restor- 
ing the pH under oxidizing conditions, the par- 
ticles appeared fully assembled by EM (fig. S9A, 
bottom panel). Biolayer interferometry assays 
showed that the rotor and axle associated rap- 
idly with an approximate association rate of 
10? M +s‘ and a dissociation constant (Ka) in 
the micromolar range (fig. S12). Similar results 
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Fig. 3. Design of symmetry-mismatched D3-C3 and D3-C5 axle-rotor 
assemblies. (A) (Left to right) Models of a D3 axle (D3_3) and C3 (C3_R3) 
and C5 (C5_2) rotors and cryo-EM 2D average of axle alone before assembly. 
Overlaid SEC chromatograms (absorbance at 215 nm) of axle (gray), rotor (blue), 
and full assembly (black). Models of D3-C3 and D3-C5 assemblies with top- 
view and side-view close-up on interfaces; shape and symmetry results in 
different DOFs. (B) (Left) 2D rotation-translation energy landscapes showing 

a large area of low energy where the rotor can be positioned on the axle. 
(Right) MD simulation results are shown as vectors whose magnitude 
corresponds to the computed mean square displacement of the rotor relative 
to the axle along the six DOFs. The D3-C3 system is largely constrained to 
rotation along the z axis (blue), whereas the D3-C5 assembly allows rotation 
along x (green), y (red), and z and translation in z, x, and y. N- and C-terminal 
unit vectors of an ensemble of MD trajectories are superimposed on an axle-rotor 
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model structure. (C) (Left) 3D cryo-EM reconstruction of D3-C3, processed 
in D3 at 7.8-A resolution suggests that the rotor sits midway across the 

D3 axle, consistent with the designed mechanical DOF. The maps are shown 
in side views, end-on views, and transverse slices, as surface for the axle and 
as mesh for the rotor, at two different thresholds. (Right) Simulated 2D class 
averages without (1) and with (2) conformational variability, and experimental 
averages (3). (D) (Left) 3D cryo-EM reconstruction of D3-C5, processed in 
Cl at 8.6-A resolution, has the overall features of the designed structure, 
shown as surface and mesh at different thresholds. The 2D averages capture 
secondary structure corresponding to the C5 rotor but could not be fully 
resolved, which is consistent with the rotor populating conformationally 
variable states. (Right) Simulated 2D class averages without (1) and with 

(2) conformational variability, and experimental averages (3). Scale bar for 
cryo-EM density, 10 nm. 
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were obtained with D3-C5 rotary assemblies, 
and SEC and SAXS profiles were in agreement 
with the design model in both cases (Vr < 15) 
(tables S1 and S2 and figs. S2 and S10). 
Second, we experimented with more direct 
steric coupling to limit conformational varia- 
bility primarily to rotation of the rotor around 


the axle. We used shape-complementary axle 
and rotor components to enable the incorpo- 
ration of steric constraints restricting transla- 
tion, leveraging Rosetta’s ability to design tightly 
packed interfaces and hydrogen bond network- 
mediated specificity (27). We designed seven 
axle-rotor assemblies using this approach: three 


jr el~s) B 


with C3 symmetric axles with Cl rotors (C3-C1_1 
to C3-C1_3) (fig. $10) and four larger designs 
with C3 axles and rotors (C3-C3_1 to C3-C3_4) 
(Fig. 4A and fig. S10) with DHR arm exten- 
sions. The C3 symmetry matching of the rotor 
and axle differs from the mismatching in the 
other designed assemblies, and the extent of 
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Fig. 4. Computational sculpting of the energy landscape by design of 


interface side-chain interactions. (A) (Left to right) Models of C3 axle (C3_Al), 


C3 rotor (C3_R1), D8 axle (D8_1), and C4 rotor (C4_1) used to design C3-C3 
and D8-C4 axle-rotor assemblies. Overlaid SEC chromatograms (absorbance at 
215 nm) of axle (gray), rotor (blue), and full assembly (black). Models of 
symmetry-matched C3-C3_1 and quasi-symmetric D8-C4 assemblies and close- 
ups on the interface reveal the shape-complementary cogwheel topology. 

(B) Energy landscapes corresponding to the C3-C3 (top) and D8-C4 (bottom) 
axle-rotor assemblies. (Left) 2D rotation-translation energy landscapes showing 
a narrow band of low energy where the rotor sits on the axle. (Right) 1D 
rotational energy landscape has three main minima corresponding to the C3 
symmetry of the interface with nine additional lesser energy minima for C3-C3 
and eight main energy minima corresponding to the C8 symmetry of the 
interface and additional 18 lesser minima for D8-C4. The energy landscapes were 
computed by scoring 10 independent Rosetta backbone and side-chains relax 
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and minimization trajectories (solid red line with error bars depicting the 
standard deviation; kilocalories per mole, as calculated by Rosetta). (C) Single- 
particle cryo-EM analysis of the C3-C3 assembly. The rotor is evident in the 
6.5-A resolution electron density in the side and top views; only a portion of the 
axle is resolved. In the panel to the right, the experimental 2D class averages 
(3) match the projection of the design model (1) more closely with 
conformational variability (4) than without (2). (D) Single-particle cryo-EM 
analysis of the designed D8-C4 rotor. The electron density (in gray) at 5.9-A 
resolution shows the main features of the designed structure and two distinct 
rotational states (1), also visible in the simulated projections (2), which closely 
resemble the experimental 2D class average (3). (E) 3D variability analysis 

and computed rotational landscape of the D8-C4 axle-rotor assembly. The 

two resolved structures (shown in gray on the left and right) are separated by a 
45° rotational step. Corresponding computational models are shown in spacefill 
(blue and gray). Top row: top view; bottom row: side view. Scale bar, 10 nm. 
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alignment of axle and rotor DHR arms relative 
to each other provides a measure of confor- 
mational variability. Design was carried out by 
systematically sampling rotational and trans- 
lational DOFs, removing arrangements with 
backbone-to-backbone clashes (see methods), 
and then using the Rosetta HBNet protocol 
and FastDesign (28) to identify interacting res- 
idues and optimize the interface energy. Each 
interface design trajectory generates widely 
different periodic energy landscapes accord- 
ing to interface metrics and design specifications 
(fig. S13) and results in shape-complementary 
axle-rotor interfaces with an overall cogwheel 
topology. C3-Cl1 designs were experimentally 
screened for assembly by expressing rotor and 
axle pairs bicistronically and carrying out Ni- 
NTA purification relying on a single His tag 
on the rotor component (fig. S14A). Six out 
of 12 designs expressed solubly and copuri- 
fied, suggesting that the two components 
assembled in cells (fig. S14B), and three de- 
signs (C3-C1_1 to C3-C1_3) (fig. S10) were se- 
lected for further characterization. The SEC 
profiles in combination with native mass spec- 
trometry indicated an oligomeric state con- 
sistent with the designed assembly, and SAXS 
data were also consistent with the design 
model (Vr < 12 and MW within ~10% of ex- 
pected values for C3-C1_3, and ~15% for 
C3-C1_1 and C3-C1_2) (tables S1 and S2 and 
figs. S2, S10, and S14, C and D). The C3-C3 
designs (C3-C3_1 to C3-C3_4) (fig. SIO) were 
screened for in vitro assembly by stoichiomet- 
ric mixing of axle and rotor, followed by SEC 
and SAXS analysis, which were consistent with 
assemblies of the expected oligomeric state 
(Vr < 10) (tables S1 and S2 and figs. S2 and 
S10). Biolayer interferometry showed that the 
designed C3 axle and C3 rotor rapidly as- 
semble with an approximate association rate 
of 10°? M|-s’ and a Kg in the micromolar 
range (fig. S12). 

Third, we sought to design further con- 
strained axle-rotor assemblies by increasing the 
surface area of the interfaces between axle and 
rotor to enable more extensive sculpting of the 
energy landscape. We designed a symmetry- 
mismatched assembly consisting of a D8 axle 
around which two C4 rotors are assembled 
(D8-C4), a symmetry-mismatched assembly 
consisting of a C5 axle and C3 rotor (C5-C3_1 
and C5-C3_2), and a C8-C4 assembly corre- 
sponding to a circular permutation version of 
D8-C4 (C8-C4) (Fig. 4A and fig. S10). The D8-C4 
assembly with one axle for two rotors tests the 
incorporation of multiple coupled rotational 
DOFs in a multicomponent system and also 
provides a simple way to monitor the position 
of rotors relative to each other by experimen- 
tal structural characterization. For the D8-C4, 
C5-C3, and C8-C4 designs, because the sym- 
metry of the rotor is internally mismatched to 
the axle, we used a quasi-symmetric design 
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protocol (see methods). The C4 rotor has in- 
ternal C24 symmetry, and hence is symmetry- 
matched to both D8 and C8 axles. In contrast, 
the C5-C3 arrangement has broken symmetry 
with a resulting energy landscape with 15 en- 
ergy minima, with periodicities reflecting the 
constituent C5 and C3 symmetries (fig. S13). 
Twelve D8-C4, twelve C5-C3, and six C8-C4 
designs were screened for in vitro assembly 
by isolating axle and rotors individually by 
Ni-NTA purification and mixed stoichiometri- 
cally. We selected four of these designs for fur- 
ther experimental investigation and obtained 
SEC data indicative of assembly of axle-rotor 
complexes, while SAXS analysis of a C5-C3 de- 
sign suggested assembly of the axle-rotor com- 
plex (Vr = 6.9 and predicted MW within 6% of 
expectation) (tables S1 and S2 and figs. S2 and 
S9). Biolayer interferometry binding kinetics 
and negative stain EM data were also consist- 
ent with quantitative assembly into the de- 
signed hetero-oligomeric complex (figs. S10 
and S13). 


Correspondence between designed energy 
landscape and observed mechanical DOFs 


We subjected one construct from each design 
approach and symmetry class to single-particle 
cryo-EM examination and related these data 
to energy landscape calculations based on the 
design model (Figs. 3 and 4). Comparison of 
the electron density data on the axle-rotor as- 
semblies to data on the isolated rotors and 
axles suggests considerable variation in their 
rigid body orientations, as summarized in figs. 
S17 to S19 and S21. 

For the D3-C3 and D3-C5 assemblies pro- 
duced by the first approach, we obtained 2D 
class averages that clearly resembled project- 
ion maps computed from the design models 
and 3D reconstructions in close agreement 
with the overall design model topology and 
designed hetero-oligomeric state (Fig. 3, C and 
D; figs. S15 and S16; and table S3). For both 
designs, the D3 axle was clearly visible, and we 
obtained a high-resolution structure of the 
axle nearly identical to the design model. 3D 
reconstructions in Cl, C3, and D3 of the D3-C3 
axle-rotor assembly at 7.8-A resolution showed 
visible density corresponding to the rotor in 
the middle of the axle with the C3 rotor arms 
clearly evident (Fig. 3C and fig. $15). 3D re- 
constructions of the D3-C5 design also showed 
clear density for the rotor, which could be 
isolated by masking the axle, but its resolution 
could not be further improved, as the second- 
ary structure placement relative to the axle 
appeared variable (Fig. 3D and fig. S16). The 
particle alignment algorithm is likely domi- 
nated by features of the axle that is mostly in 
side-view in the data (figs. S17 and S18), and 
thus the lack of resolution of the electron density 
corresponding to the rotor (see supplemen- 
tary materials) is probably due to variability in 


the axle-rotor rigid body transform. CryoSPARC 
3D variability analysis (29) suggests that the 
rotor can populate multiple translational and 
rotational conformational states around the 
axle (movies S1 to S4). Inspection of the cryo- 
EM 3D reconstruction also suggests that the 
rotor arms populate multiple positions along 
the rotational axis (Fig. 3, C and D, and figs. 
S17 and S18). Rosetta energy landscapes gen- 
erated by rotating and translating the rotor 
relative to the axle suggest that a broad range 
of orientations are energetically accessible 
(Fig. 3B), and the rotor-axle rigid body orienta- 
tion fluctuated in molecular dynamics (MD) 
simulations, with the D3-C5 assembly showing 
increased displacement compared with the 
D3-C3 assembly (Fig. 3B and figs. S11, S17, and 
$18). Explicit modeling of conformational var- 
iability along the designed DOFs was neces- 
sary to produce computed projections closely 
resembling the experimental 2D class averages 
(Fig. 3, C and D, and fig. S18). Taken together, 
the cryo-EM data, Rosetta models, and molec- 
ular dynamics simulations are consistent with 
the design goal of constrained mechanical 
coupling of axle and rotor components (see 
figs. S17 and S18 for summary of data indi- 
cating conformational sampling of rotor-axle 
rigid body DOFs). 

Among the assemblies generated with the 
second approach, single-particle cryo-EM analy- 
sis of a C3-C3 assembly yielded 2D class aver- 
ages with the axle and rotor clearly visible. 
Resolution was limited by the orientation 
bias of the particle in ice, resulting in few 
side views, but we were able to obtain a 6.5-A 
3D reconstruction that resembled the design 
model (Fig. 4A; figs. S4, S10, and S19; and 
table S3). 2D averages and the 3D reconstruc- 
tion clearly capture the rotor component, but 
the axle was only partially resolved; the rotor 
has a mass greater than the C3 axle and clear 
armlike features, which likely bias the align- 
ment algorithm in its favor. Aligning on the 
rotor yielded a density map with diffuse den- 
sity for the axle near the rotor (fig. S19). The 
contrast between the diffuse density for the 
axle and the well-resolved density of the rotor 
likely reflects conformational variability (Fig. 
4, C and D, and figs. S4, S18, and S19). The 
Rosetta energy landscape suggests that the 
axle-rotor assembly can primarily sample rota- 
tional rather than translational DOFs (Fig. 4B), 
and rotational averaging increased the simi- 
larity between projections of the design model 
and the experimental data (Fig. 4, C and D, 
and figs. S18 and S19). Taken together, the data 
(summarized in fig. S19) are consistent with 
variability along the rotational DOF, in accor- 
dance with the designed energy landscape, which 
has three energy minima at a 60° rotation dis- 
tance and nine other 30°-spaced degenerate 
alternative wells separated by low energy bar- 
riers (Fig. 4B and figs. S13 and S20). 
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The D8-C4 design generated by the third 
approach has a rugged energy landscape, with 
a dynamic range of 151 kcal/mol (as estimated 
by Rosetta), and eight steep wells spaced 45° 
stepwise along the rotational axis correspond- 
ing to the high symmetry of the interface 
(Fig. 4B). Consistent with the deep minima in 
this landscape, we obtained a cryo-EM map of 
~5.9-A resolution that is close to the design 
model (Fig. 4, C and D; fig. S6; and table S3). 3D 
variability analysis calculations using cryoSPARC 
(30) suggested two nearly equiprobable states 
in which the rotor arms are either aligned or 
offset, as in the eclipsed and staggered arrange- 
ments of ethane (Fig. 4, D and E; figs. S6, S18, 
and $21; and movie S5). The two rotational 
states of one rotor relative to the other suggest 
energy minima spaced by 45° along the rota- 
tional axis, consistent with an eightfold step- 
like feature in the frequency spectrum analysis 
of the computed energy landscape (fig. S21). 
Although cryo-EM provides a frozen snapshot 
of molecules and not a real-time measurement 
of diffusion, these data (summarized in fig. 
$20) suggest that the system populates multi- 
ple rotational states consistent with the de- 
signed energy landscape. Taken together, these 
results suggest that the explicit design of side- 
chain interactions and deep energy minima re- 
duces the degeneracy of conformational states 
observed with purely electrostatic interactions 
and support a correspondence between the en- 
ergy landscape and the observed conforma- 
tional variability. 


Conclusions 


Our proof-of-concept axle-rotor assemblies dem- 
onstrate that protein nanostructures with 
internal mechanical constraints can now be 
systematically designed. Key to this advance is 
the ability to computationally design protein 
components with complex complementary 
shapes, symmetries, and topologies, such as 
the high-aspect ratio dihedral axle structures 
(D2 homotetramers to D8 homo-16-mers (Figs. 
1 and 2) with oligomerization states and sizes 
considerably larger than previously designed 
dihedral structures. Our studies of assembly of 
these shape-complementary homo-oligomeric 
components into higher-order hetero-oligomeric 
structures with internal DOFs provide insights 
toward the design of complex protein nano- 
machines. First, computational sculpting of 
the interface between the components can be 
used to promote self-assembly of constrained 
systems with chosen internal DOFs. Second, 
the shape and periodicity of the resulting en- 
ergy landscape is determined by the symmetry 
of components, the shape complementarity of 
the interface, and the balance between hydro- 
phobic packing and conformationally promis- 
cuous electrostatic interactions (Figs. 3, A and 
B, and 4, A and B). Symmetry mismatch gen- 
erates assemblies with larger numbers of en- 
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ergy minima than symmetry-matched ones 
evident in the frequency domain (figs. S13 and 
$20), and explicit design of close side-chain 
packing across the interface results in deeper 
minima and higher barriers than nonspecific 
interactions (Figs. 3 and 4 and fig. S13). In 
general, the surface area of the interface be- 
tween axle and rotor scales with the number 
of subunits in the symmetry, with larger sur- 
face areas providing a larger energetic dy- 
namic range accessible for design (Figs. 3 and 
4 and fig. S13). The combination of the con- 
formational variability apparent in the cryo- 
EM data of D3-C3, D3-C5, and C3-C3 designs 
(Figs. 3, C and D, and 4, C and D, and figs. S4 
and S15 to S19), the Rosetta and MD sim- 
ulations (Figs. 3B and 4B and fig. S11), and 
the discrete states observed for the D8-C4 
design (Fig. 4, D and E, and figs. S6 and S21) 
suggests that these assemblies populate multi- 
ple rotational states (the axle-rotor assemblies 
also have multiple symmetrically identical yet 
physically distinct rotational states—for ex- 
ample, rotation of the C3 rotor around the C3 
axle by 120°—which cannot be distinguished 
by cryo-EM). Our cryo-EM analysis cannot dis- 
tinguish whether the conformational varia- 
bility reflects rotational motion or states 
captured during axle-rotor assembly and does 
not report on energy barrier heights; time- 
resolved microscopy at the single-molecule 
level will be required to reveal the dynamics 
of transitions between the different states 
and to relate the computational sculpting of 
the rotational energy landscapes to Brownian 
dynamics. 

The internal periodic but asymmetric rota- 
tional energy landscapes of our mechanically 
coupled axle-rotor systems provide one of two 
needed elements for a directional motor. Cou- 
pling to an energy input to break detailed bal- 
ance and drive directional motion remains to 
be designed: for example, the interface be- 
tween machine components could be designed 
for binding and catalysis of a small-molecule 
fuel (22). Symmetry mismatch, which plays a 
crucial role in torque generation in natural 
motors (31, 32), can be incorporated in synthet- 
ic protein motors, as illustrated here for our 
axle-rotor assemblies. Modular assembly could 
lead to compound machines for advanced ope- 
ration or integration within nanomaterials, 
and the components can be further function- 
alized using reversible heterodimer extensions 
(33) (fig. S22). Our protein systems can be gen- 
etically encoded for multicomponent self- 
assembly within cells (fig. S14) or in vitro (figs. 
S9 and S12). Taken together, these approaches 
could enable the engineering of a range of 
nanodevices for medicine, material sciences, 
or industrial bioprocesses. More fundamen- 
tally, de novo design provides a bottom-up 
platform to explore the fundamental princi- 
ples and mechanisms underlying nanomachine 


function that complements long-standing 
studies of the elaborate molecular machines 
produced by natural evolution. 
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CATALYSIS 


Single-step hydrogen production from NH3, CH,, 
and biogas in stacked proton ceramic reactors 
Daniel Clark, Harald Malergd-Fjeld’, Michael Budd’, Irene Yuste-Tirados', Dustin Beeaff", 


Simen Aamodt’, Kevin Nguyen’, Luca Ansaloni®, Thijs Peters*, Per K. Vestre’, Dimitrios K. Pappas’, 
Maria I. Valls*, Sonia Remiro-Buenamaiiana‘, Truls Norby’, Tor S. Bjorheim’, 


Jose M. Serra**, Christian Kjolseth'* 


Proton ceramic reactors offer efficient extraction of hydrogen from ammonia, methane, and biogas 

by coupling endothermic reforming reactions with heat from electrochemical gas separation and 
compression. Preserving this efficiency in scale-up from cell to stack level poses challenges to 
the distribution of heat and gas flows and electric current throughout a robust functional 

design. Here, we demonstrate a 36-cell well-balanced reactor stack enabled by a new interconnect 
that achieves complete conversion of methane with more than 99% recovery to pressurized 
hydrogen, leaving a concentrated stream of carbon dioxide. Comparable cell performance was also 
achieved with ammonia, and the operation was confirmed at pressures exceeding 140 bars. The 
stacking of proton ceramic reactors into practical thermo-electrochemical devices demonstrates 


their potential in efficient hydrogen production. 


ydrogen can be produced from CHy;-rich 
streams through steam reforming and 
water-gas shift (SMR+WGS, CH, + 2H2O = 
CO. + 4Ho, Ayn? = 164.7 kJ/mol) or 
from the emerging C-free H-carrier NH3 
through ammonia dehydrogenation (ADH, 
NHsg =1/2No + 3/2Ho, AnH? = 45.9 kJ/mol) 
(7-3). In a conventional multistage H, produc- 
tion process, fuel combustion generates the 
heat for these endothermic reactions, and sub- 
sequent separation and compression occur 
downstream by pressure-swing adsorption 
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and mechanical compressors. Efficiencies typ- 
ically improve with scale, which favors large, 
centralized processes over distributed Hy pro- 
duction for energy-carrier applications (4). 

H, can also be separated and compressed 
electrochemically with proton (H*)-conducting 
ceramic membranes such as Y-doped BaZrO;- 
BaCeOs solid solutions (BZCY), which are 
functional and stable over a wide range of 
temperatures (300° to 800°C) and chemical 
environments (5-10). Proton ceramic electro- 
chemical reactors (PCERs) extract pure H, 
from gas mixtures by electrolytically pumping 
protons across the membrane (Fig. 1A). These 
offer process intensification (9) by integrating 
reactions such as SMR+WGS or ADH with H, 
separation and compression, high energy ef- 
ficiencies by supplying heat electrically (3), 
and reduced CO, emissions when that elec- 
tricity is renewable (11). 


As for any compression process, the work 
associated with electrochemical H. compres- 
sion is minimized by operating isothermally 
(72). In a continuous-flow type of PCER, the 
compression ratio and associated entropy dif- 
ference of Hy across the membrane increase 
with the extent of separation along the reactor 
(Fig. 1B and fig. S1). This entropy difference is 
expelled as heat (Q = TAS) during the com- 
pression process, which, if left unbalanced, 
leads to gradually increasing temperature along 
the reactor and in turn larger electric energy 
consumption per kilogram of compressed H» 
(Fig. 1B). 

More efficient isothermal operation can be 
achieved by locally balancing this heat evolu- 
tion with a reversible heat sink such as an 
endothermic chemical reaction (Fig. 1C) (9). 
However, matching the spatial distribution of 
heat from compression with the extent of 
chemical reactions throughout a stacked re- 
actor poses one of the main hurdles in scaling 
PCERs from laboratory to commercial scale. 
Furthermore, scaled reactors with efficient 
current distribution have been hindered by 
the lack of interconnect materials with high 
electrical conductivity and chemical stability 
up to 800°C that match the low thermal ex- 
pansion coefficient (8 x 10° K?) of the pre- 
ferred proton conductor BZCY. Mismatches in 
thermal expansion of reactor components can 
lead to mechanical stresses and electrical con- 
tact failures during thermal cycling. 

We present an optimized reactor architec- 
ture aided by multiphysics simulations and a 
new expansion-matched metal/glass-ceramic 
composite interconnect (IC) enabling deploy- 
able modular PCER stacks that retain the en- 
ergy efficiencies and H, recoveries of single 
cells (9) while achieving a 36-fold increased 
H, production capacity. The reactor is designed 
with gas flows that allow internal heat ex- 
change from exothermic to endothermic pro- 
cesses to minimize auxiliary heat input. 

Our PCER can separate H, by decompres- 
sion while recovering electric energy or by 
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compression through supply of electric energy 
(Fig. 1D) at pressures up to 141 bars, illustrat- 
ing the range of compression ratios and as- 
sociated cell voltages that can be achieved 
throughout the PCER stack length. The PCER 
stack is a series of six barrels, each with six 
single cells connected electrically in parallel 
(Fig. 2A and fig. S4A), that uses a newly de- 
veloped Ni-based glass-ceramic composite ICs 
(13). A conductive washer of the same material 
is placed between the end of each membrane 
segment and the IC plate (Fig. 2, E and F). 
Pure metals with higher thermal expansions, 
such as Ni or Cu, are prone to loss of electric 
contact during thermal cycling (fig. S5A, Ni 
washer) because of an expansion mismatch 
with the IC, glass-ceramic, and membrane seg- 
ment (fig. S5B). Our expansion-matched Ni/ 
glass-ceramic composite washer is applied in 
a partially heat-treated condition as a sintered 
Ni/glass composite rather than a fully heat- 
treated Ni/glass-ceramic composite. This means 
that the washer can deform under the load 
applied during the heating phase of the seal- 
ing cycle by virtue of viscous flow in the glassy 
matrix phase in the washer and maintain in- 
timate surface contact with both components. 

The glassy matrix phase wets the ceramic 
phases in both the tubular cell support and the 
IC and produces a mechanically strong bond. 
By the end of the sealing cycle, the glassy mat- 
rix phase in the washer crystallizes to produce 
a matched expansion Ni/glass-ceramic compo- 
site bridge, which retains excellent electrical 
continuity between the cell and the IC through- 
out subsequent thermal cycling. The adopted 


Fig. 1. Hz separation and compression using 
PCERs. (A) Schematic of a proton ceramic 
electrochemical continuous-flow reactor illustrating 
Ho separation from an Hz + No mixture. The local 
Hs compression ratio (top axis) increases as Pi, 
decreases upon Hp extraction along the reactor length 
(assuming a constant Di, )s leading to a corresponding 
temperature increase. (B) Compression work for 
isothermal and non-isothermal H» separation from 

an No + Hp mixture. The local compression ratio 

for Hz and the associated entropy difference 


AS(x) = Rin (ph, /Ph, (x) increase along the reactor 


coordinate, which leads to an increase in compression 
work and heat expelled from the compression process 
[Wei(x) = Q(x) = TAS(x)]. If left unbalanced, this heat 
increases the temperature throughout the reactor, 
particularly in the latter parts, resulting in higher 
compression work than would be ideal for isothermal 
operation. (C) Energy balance and correlated voltages for 


IC material exhibits conductivities >2500 S/cm 
at 750°C and thermal expansion coefficients 
in a close-to-perfect match with the thermal 
expansion of the membrane support (Fig. 2D 
and fig. S5B), ensuring efficient current dis- 
tribution throughout the stack and mechani- 
cal robustness. The IC is chemically stable 
under reducing and CO.-rich atmospheres, 
but can also be fitted with more oxidation- 
resistant metallic components such as Ag 
for operation under oxidizing conditions 
(fig. S5, C to E). The absence of Cr furthermore 
eliminates degradation issues related to for- 
mation of resistive Cr2O3 scales or evaporation 
of volatile Cr species during long-term opera- 
tion at high temperatures. 

During operation, individual cells will be 
net endothermic or exothermic depending 
on the degree of reaction and H, separation 
and compression throughout the stack length 
(Figs. 1D and 2B), necessitating internal heat 
exchange. To guide the optimal design of the 
stack, we adopted a three-dimensional multi- 
physics model integrating coupled gas flows, 
heat transfer, current distribution, and reac- 
tion kinetics for SMR+WGS and ADH that 
captures the behavior of the stack from single 
cell to stack level (73). Our stack is designed with 
a U-bend type of gas flow pattern achieved 
by a manifold that distributes the incoming 
gas to three of the six gas channels in the 
stack while combining the three corresponding 
exhaust streams. For the axial type design, the 
fast kinetics of SMR and ADH concentrates 
the heat consumed by the endothermic reac- 
tions to the initial segments of the stack, 
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whereas the heat caused by compression pri- 
marily evolves in the latter segments. This leads 
to temperature increase along the reactor 
length (Figs. LA and 3, B and C) which in turn 
increases the cell Nernst voltage and com- 
pression work (Fig. 3D). Our U-bend design, 
however, mitigates this mismatch by spatially 
balancing the heat production from compres- 
sion with the heat consumption of the reac- 
tions enabling a more uniform temperature 
profile (Fig. 3A and fig. S6, A and B). This in 
turn lowers cell Nernst voltages and thus the 
required compression work (Fig. 3F and fig. 
S6C). Coupled with the high performing IC, 
the U-bend design allows currents (i.e., hydro- 
gen fluxes) to self-regulate according to the 
local Nernst voltage (fig. $4). For anhydrous 
ADH, SMR+WGS and biogas this is particu- 
larly evident in the initial segment where the 
reaction is concentrated because of fast kine- 
tics (figs. S7 to S9). The slower reaction kinetics 
of aqueous ADH on the other hand distributes 
the reaction over a larger portion of the stack 
(fig. S10). 

To experimentally demonstrate integration 
of reactions beyond SMR+WGS in our PCER 
stack (9), single cells were operated with NH; 
in both anhydrous and aqueous form (1/3). 
The cells achieve >97% conversion of NH3 
even at open-circuit conditions (Fig. 4A) and 
near 100% conversions at high Hy, recoveries 
thus leaving an effluent stream virtually free of 
residual NH3. The cells demonstrate compa- 
rable performance with anhydrous and aque- 
ous NH3, CH,, and biogas, retaining near 
faradaic behavior to above 0.7 A/cm? (fig. S11), 
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thermally balanced operating modes, which include reaction (Er = AH and Up = AHp/nF), charge transport (Ec = iRnF and Ushmic = (R), and compression [Eo = UNermstF and 
Unernst = RT/nF In (ol, /eh,)] for SMR+WGS at 750°C with an H. compression ratio of 7.4 and NH3 cracking at 650°C with an Hs compression ratio of 5.4. See also fig. S2 


for a decompression mode of operation. (D) Compression ratio as a function of Uohmic + UNernst at 750°C for a maximum pH from 8 to 141 bars measured using representative 
PCER single cells (fig. S3) at i = 50 mA/cr%, illustrating the different operation modes. The compression ratio range was covered by adjusting the minimum pH, as well as 


gas flows to ensure a low degree of Hz extraction/dilution. The blue region consumes and the red region evolves heat. 
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Fig. 2. PCER stack for electrochemical Hz production. (A) PCER stack (dimensions: height 43 cm, 
diameter 4 cm). (B) Schematic of microthermal heat integration with outward heat flux from the cells. 
(C) Schematic of U-bend type of gas flow of the generic molecule AH, reacting to form Hz, which is 
electrochemically extracted as H* through the membrane and recovered as compressed Hp in the outer 
chamber. (D) Thermal expansion upon cooling of the BZCY/Ni support and the IC, and IC electrical 
conductivity as a function of temperature. (E) Scanning electron micrograph cross section of the interface 
between the BZCY/Ni support and IC, connected by a conductive glass-ceramic washer. (F) Schematics 


of IC and washer assembly. 


Fig. 3. Multiphysics simulations of PCER stack 
thermally balanced operation. Multiphysics 
simulations for a stack operating at 750°C external 
temperature with 20 bars of total pressure on 

both sides of the membrane and a mean 

current density of 0.60 A/cm?. Feed: 28.6% 

CHa (0.597 NL/min), 71.4% H20. Sweep: H20 

(0.18 g/min). (A) Simulated temperature fields in 

a U-bend PCER stack architecture, also showing 
the gas inlet and outlet flow distribution. (B) Simulated 
temperature fields in an axial PCER stack architecture. 
Temperature profiles on the reforming side in 
the axial and U-bend architecture along the reactor 
length. The thermal balancing by heat transfer 
between first cell (net endothermic) and last cell 
(net exothermic) for U-bend PCER is illustrated by 
vertical arrows. (D) Mean compression work and 
Nernst voltage for each segment along the reactor 
length for the U-bend and axial PCERs. The values 
were obtained by integrating the compression work 
over each segment divided by the corresponding total 
flux or current. (E) Effect of Hz recovery on the 
temperature distribution in U-bend and axial PCERs. 
(F) Effect of Hz recovery on the mean stack 
compression work and Nernst voltage for U-bend 
and axial PCERs. 
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reflecting the catalytic versatility of the porous 
Ni-BZCY support. With CH,, the single cells 
even achieved >90% faradaic efficiency up to 
7.4 A/cm? (corresponding to a He flux of 47 
normal milliliters-per-minute square centi- 
meter) (fig. S12) thus doubling the H, produc- 
tion capacity to-date with these materials (9). 

The 36-cell PCER stack achieves nearly full 
CH,, conversion and high H, recoveries (>99%; 
Fig. 4 and figs. S13 and S14) for CH, and biogas, 
enabling complete equilibrium shift and a CO, 
rich effluent stream for facile carbon capture. 
The series and parallel design of the stack fa- 
cilitates an effective aggregated current of up 
to 400 A (é > 0.73 A/cm?) with a H, production 
rate up to 0.34 kg/day from CH,, 0.31 kg/day 
from biogas, and 0.34 kg/day from simulated 
fully decomposed NH3 streams (Fig. 4D). We 
furthermore demonstrate H. compression to 
31 bar with a purity of 99.995% (Fig. 4E) facili- 
tated for additional compression and use. The 
PCER stack shows promising stability, retaining 
a H, production rate of 2 normal liters per 


minute after 1400 hours of operation (fig. S14). 
Both the H, production rate [0.34 versus 
0.025 kg/day (9)] and active area [584 versus 
81 cm? (14)] greatly surpass those of any re- 
ported for proton ceramic applications. More- 
over, the PCER stacks have demonstrated that 
it is possible to deliver high-pressure Hz at high 
purity and a CO, rich effluent at a hydrogen 
recovery and methane conversion >99%, which 
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is highly competitive with Pd-based membrane 
reformers (table S2). These key performance 
indicators build the foundation for highly 
energy-efficient hydrogen production at sys- 
tem level. 

System modeling (13) of a 1 ton/day dis- 
tributed H, production plant adopting our 
PCER stack (figs. S15 to S21) reveals that ef- 
ficiencies of 91% for CH, and as high as 95% 
for anhydrous NH; can be achieved by virtue 
of microthermal integration and downstream 
heat recovery. Furthermore, the PCER delivers 
a concentrated and pressurized stream of CO, 
when operated on methane or biogas (Fig. 4F) 
that can be purified and liquefied by cryogenic 
distillation, eliminating the need for complex 
downstream absorption-based CO, capture. 

The high degree of process intensification 
achieved by our PCER stacks enables a fuel- 
flexible energy-efficient alternative to established 
technologies for distributed H, production. 
Using a California 2020 electric grid carbon 
intensity scenario (82.92 g¢o2/MJetec; see table 
S3 for references), H. production with PCERs 
using CH, as fuel would operate at lower em- 
issions (75.7 vs. 124.1 Sco2/MJy2) than water 
electrolysis powered by grid electricity, even 
without CO, sequestration. With decarboni- 
zation of the electric grid, CO. sequestra- 


tion is required for methane reforming to 
remain competitive with water electrolysis. In 
a California 2050 grid scenario, PCERs can pro- 
duce H, from CH, with lower CO,-emissions 
than water electrolysis (18.7 vs. 26.2 8o02/MJy2) 
when CO, is sequestrated. PCERs operated 
on biogas even offer H, production with net- 
negative carbon emission, as CH, from a bio- 
genic process is considered carbon-neutral. 
Calculated scenarios have used the CA GREET 
model (15) which includes fugitive methane 
emissions from natural gas production that 
can be important (16). 

To illustrate the practical implications of the 
PCER technology, comparable well-to-wheel 
emissions for battery electric vehicles (BEVs), 
internal combustion engines (ICEs) with diesel 
fuel, and Hy, fuel-cell electric vehicles (FCEVs) 
are provided in figs. S22 and S23 with sensi- 
tivity to electric grid carbon intensity. In the 
California 2050 scenario, the emissions of 
FCEVs (14.6 gco2/km) using H, produced 
from CH, with PCERs including CO, seques- 
tration are 90% lower than those of ICE with 
diesel fuel (145.4 gceoo/km) and 26% lower 
than FCEVs using H, from grid-powered water 
electrolysis (19.8 Zco2/km). NH3-based Hy can 
offer reduced emissions compared with on- 
site electrolysis for a wide range of electric grid 
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Fig. 4. PCER single-cell and stack performance. (A) NH3 conversion as a function of Hs recovery, 
measured on a representative single cell (fig. S3) at 650°C and 10 bars (pNH3 = 7.25 bars; pH20 = 2.75 bars), 
and aqueous NH3 at 750°C and 10 bars (pNH3 = 3.1 bars; pH2O = 5.8 bars; and Pinert = 1.1 bars). Purple 
and green lines show the equilibrium conversion for NH3 and aqueous NHs, respectively. (B) and (€) CH, 
conversion and yield of COz versus Hz recovery, respectively, of PCER stack at 750°C. (D) Hz production 
rate as a function of applied current density for the stack with No/H2 mixture simulating complete NH3 
decomposition (750°C, 10 bars), methane (800°C, 15 bars, S/C = 2.5), and biogas (750°C, 20 bars, 

S/C = 2.5). Effective current is calculated as current density x PCER stack area (36 x 15 cm?) and applied 
current as effective current/6 due to the series and parallel electric architecture. (E and F) H» purity 

(dry basis) versus Hz delivery pressure and differential pressure across the membranes (E) and COz purity 
versus Hz recovery (F) for SMR+WGS in the stack at 750°C. Reforming side pressure = 25 bars, Hz side 
pressure = 25 to 31 bars. Current density = 0.69 A/cm’. 
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carbon intensities, making FCEVs fueled with 
NH;-based H, directly comparable to BEVs in 
terms of CO, emissions (6.3 gco2/km, a reduc- 
tion of 21% compared with BEV in the California 
2050 scenario). Here, NH3 is assumed pro- 
duced at off-site locations with favorable re- 
newable energy resources and transported as 
a liquid to the fueling station where efficient 
ADH and separation to H, takes place using 
the PCER technology. 

The growth of a new energy technology can 
be limited by access to raw materials. A de- 
tailed examination of raw materials’ usage of 
the PCER stack (fig. S24) shows it is composed 
of nonprecious, earth-abundant materials, sug- 
gesting no material availability setbacks for 
scaling. 
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CELL BIOLOGY 


Cell division in tissues enables 


macrophage infiltration 


Maria Akhmanova**, Shamsi Emtenani’+, Daniel Krueger?+§, Attila Gyoergy't, Mariana Guarda’, 
Mikhail Vlasov’, Fedor Vlasov’, Andrei Akopian*, Aparna Ratheesh’q, 


Stefano De Renzis”, Daria E. Siekhaus?* 


Cells migrate through crowded microenvironments within tissues during normal development, immune 
response, and cancer metastasis. Although migration through pores and tracks in the extracellular 
matrix (ECM) has been well studied, little is known about cellular traversal into confining cell-dense 
tissues. We find that embryonic tissue invasion by Drosophila macrophages requires division of an 
epithelial ectodermal cell at the site of entry. Dividing ectodermal cells disassemble ECM attachment 
formed by integrin-mediated focal adhesions next to mesodermal cells, allowing macrophages to move 
their nuclei ahead and invade between two immediately adjacent tissues. Invasion efficiency depends 
on division frequency, but reduction of adhesion strength allows macrophage entry independently of 
division. This work demonstrates that tissue dynamics can regulate cellular infiltration. 


ell dissemination into tissues is funda- 

mental for the formation and main- 

tenance of complex organisms (J-3). 

During vertebrate development, neural 

crest cells move into tissues to form 
different tissue types (3); immune cells enter 
organs to regulate tissue function and com- 
bat infection (4); cancer cells traverse into 
other organs during metastasis (2). These 
various embryonic and adult environments 
contain closely packed cells adherent to one 
another or to the extracellular matrix (ECM) 
that lies between them (J, 5). Despite its im- 
portance, invasion into such cell-dense tissues 
is poorly understood. 

Macrophages are scavenger cells that invade 
tissues early on in development to establish 
residency and patrol organs (6). In the early 
Drosophila embryo, macrophages follow guid- 
ance cues (7) and invade the germ band (GB) 
at an entry point (EP) in the acute angle be- 
tween the basal side of the ectoderm and the 
mesoderm surface (Fig. 1A and fig. SIA). They 
progress farther between the ectoderm and 
the mesoderm, which are juxtaposed across 
a thin layer of ECM (8). During this invasion, 
macrophages move as a chain, maintaining 
the separation of the two tissues established 
by the pioneer (Fig. 1A’; fig. $1, A’ to D; and 
movie S1). This first macrophage requires 
~20 min to enter through the tissue barrier, 
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using oPS2- and BPS-integrins that bind to 
laminin (9, 10). Matrix metalloproteolytic ECM 
degradation does not affect the efficiency of 
entry (0) but macrophage-specific programs 
do (11-13). How the dynamics and properties 
of surrounding cells influence macrophage 
tissue invasion remains unclear. 

We tracked macrophage nuclei (Fig. 1B and 
fig. S1E), the stiffest of the organelles. We 
plotted the velocity of the first macrophage’s 
nucleus relative to the entry point over time 
and defined the moment of entry between the 
two tissues by its velocity jump when close to 
the entry point (fig. S1, F and G). As the first 
macrophage entered, one or two ectodermal 
cells adjacent to the entry point had become 
round, a shape change that starts at the be- 
ginning of mitosis (74), or had progressed 


A B 


A’ 


macrophage-cytoplasm/ ubiq-membrane 


Before entry| B’ Entry time: t=0] B”” 


to become two connected smaller rounded 
daughters, formed by the completion of divi- 
sion (Fig. 1, C and D; fig. S1, H and I; and 
movie S82). By analyzing the division profiles 
of 20 time-lapse movies, we observed that 
macrophage entry always occurred during 
the division (fig. S2, A and C) or rounding 
(fig. S2, B and D) of a flanking ectodermal 
cell (fig. S2E). We quantified how much time 
the ectodermal cells at the entry point spent 
in three categories: (i) at least one of the two 
cells is dividing; (ii) at least one cell is round- 
ing; or (iii) the interdivision phase, during 
which none of these cells are mitotic (fig. S2F). 
If macrophage invasion occurred randomly, 
macrophages would enter during the inter- 
division phase in more than half of the em- 
bryos; however, we never observed entry at 
this time (Fig. 1E). Within an embryo (when 
viewed in a dorsal orientation), there are two 
bilaterally symmetrical entry points next to 
the hindgut. Macrophages arrived at these 
two locations almost simultaneously; how- 
ever, they did not enter at the same time if 
ectodermal divisions at both points occurred 
asynchronously (fig. S3). We also found no 
divisions of mesodermal cells at the entry site 
during invasion (fig. S4), perhaps because the 
mesodermal division frequency is much lower 
than in the ectoderm (fig. $5). Hence, in wild- 
type embryos, macrophages enter the GB tissue 
only when an adjacent ectodermal cell is divid- 
ing, suggesting that this is a permissive event. 

To investigate the ectoderm-mesoderm in- 
terface structure, we stained embryos for the 
ECM component laminin, secreted there pre- 
viously by the mesoderm and also expressed 
within entering macrophages (75). Quanti- 
fication shows that more laminin remains 
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Fig. 1. Macrophage invasion correlates with ectodermal cell division at the entry point. (A and A’) Still 


images of cytoplasm-labeled macrophages at the entry point (EP, white triangle) and after invading as a chain. 
ubiq-membrane, ubiquitous membrane marker. (B and C) Single plane (B) still images and (C) corresponding 
maximum projections showing a nuclear-labeled macrophage (yellow arrowhead) at the EP with ectodermal 

cell 1 (dashed outline) adjacent to, and cell 2 (solid outline) above, this entering macrophage. The outlined 
ectodermal cells mitotically round and divide. Scale bars, 10 um. (D) Cell 1 and 2 division profiles in time. Peak 
indicates division; middle level, rounded cell; and lower level, polygonal shape. Time of macrophage entry, 

t = 0. Shading indicates macrophage at EP. (E) Quantification of macrophages entering together with ectodermal 
cell cycle phases. (Left) Theoretical estimate assuming random entry proportional to average duration of each 
phase, presented in fig. S2F. (Right) In vivo determined entry for 20 embryos (fig. S2, A and B). 
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Fig. 2. Macrophage entry requires ectodermal F pat A re 
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dinaciclib-injected embryos (Dina). (B) and (B’ 
show dorsal view of maximum intensity projections 
of stage 12 embryos. Dashed line indicates the 
GB edge. Scale bars, 20 um. mac-nuclei, macrophage 
nuclei; ecto-memb, ectoderm membrane. ****P < 
0.0001 [(A) and (C)]. (D) Quantification of macrophage 
entry timing. (E and E’) Rounded cell density in the 
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GB altered by cell cycle regulators. **P = 0.0021; ****P < 0.0001. (F and F’) Percent of all macrophages that were found inside the GB. **P = 0.0067, ****P < 0.0001 (F); 
(left to right) ***P = 0.0007, ****P < 0.0001, ***P = 0.0009 (F’). (G and G’) Quantification of macrophage entry timing. Mean + SEM. Ten planes per embryo analyzed in 
(A), 5 to 10 in (E) and (E'). Mann-Whitney tests [(A) and (C)], unpaired two-tailed t tests [(E) to (F')]. 


Fig. 3. Macrophages enter when FAs disassemble 
during ectodermal mitotic rounding. (A) Scheme of 
ectodermal FAs. (B) FAs in the ectoderm—mesoderm 
interface visualized by vinculin::mCherry (magenta) 
with ectodermal cells’ membranes (green). DE-Cad, 
Drosophila E-cadherin. (C) Time-lapse imaging of 
ectodermal FAs during mitotic rounding and subsequent 
macrophage entry at t = 0 (yellow and white stars). 
White arrows indicate large FA that disassembles. 

(D) Vinculin::mCherry on the basal side of mitotic cell, 
cutout from (C). (E) Vinculin::mCherry intensity along 
the basal side of rounding cell in (C) and (D) from 
point x to point y (white arrowheads) over time. Green 
circle indicates first macrophage nucleus. a.u., arbitrary 
units. (F) Amplitude of FA peak over time. Mean + SD 
(shading). Scale bars, 5 um [(B) and (C)] and 2 um (D). 


on the mesodermal side of the first macro- 
phage’s protrusion (fig. S6). Thus, macrophages 
appear to enter next to the ectodermal cells and 
are separated from the mesoderm by the ECM. 

Next, we examined whether ectodermal di- 
vision is required for macrophage entry. We 
injected embryos with the drug dinaciclib, 
which inhibits cyclin-dependent kinase 1 (Cdk1) 
and other cyclin-dependent kinases and effec- 
tively stops the cell cycle (fig. S7, A and B) 
without affecting morphogenetic tissue move- 
ments (fig. S7C) or total macrophage numbers 
(fig. S7D). The density of rounded ectodermal 
cells was 83% lower after dinaciclib injection 
(Fig. 2A). Macrophages remained motile and 
moved directionally (fig. S7, E and F) toward 
the entry point; however, they almost com- 
pletely failed to invade (Fig. 2, B and B’, and 
fig. S7, G and G’). We quantified macrophages 
inside the GB ~60 min after macrophages 
arrived at the entry point and normalized for 
the total macrophage number. In control 
embryos, ~20% of total macrophages had 
moved inside the GB by this time. However, in 
dinaciclib-treated embryos, only a few macro- 
phages entered the GB (Fig. 2C). Live imaging 
revealed that when a few macrophages en- 
tered, they moved in at the usual site next to 


SCIENCE science.org 


vinculin 
talin 
integrin 


fain 
basal PM iii 


Focal adhesions 


FA Vinculin 
ectoderm-membrane 4 
(DE-Cad) 


a round ectodermal cell that did not progress 
to complete division for a long period of time 
(fig. S7, H to K, and movie S3). Thus, phar- 
macological inhibition of cell division resulted 
in macrophages not invading at all, or enter- 
ing next to the remaining mitotically rounded 
ectodermal cells (Fig. 2D). 

To confirm these results, we inhibited divi- 
sion only locally, by expressing RNA inter- 
ference (RNAi) constructs in the ectoderm 
against mRNA encoding a positive regulator 
of mitosis (fig. S7A), Cdce25 (Stg). This knock- 
down (KD) reduced the ectodermal frequency 
of rounded cells by ~30% (Fig. 2E). Between 
25 and 40% fewer macrophages penetrated 
the GB upon two different stg KDs compared 
with the control (Fig. 2F and fig. S8, A and 
A’). In embryos expressing these RNAis, in 
which no divisions occurred in the GB edge 
for along time, no macrophages entered (fig. 
S8B and movie S4, left). When we detected 
entry in other embryos, it was always adjacent 
to a remaining mitotic ectodermal cell at the 
normal location (fig. S8C and movie S4, right). 
Similar results were observed upon ectoder- 
mal overexpression of p53 (fig. S8, D and E). 
Therefore, reducing the frequency of ectoder- 


mal cell division decreases macrophage entry, 
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while maintaining the entry-mitotic rounding 
correlation (Fig. 2G and fig. S8F). 

To test whether increasing the rate of mitosis 
in the ectoderm would cause the opposite re- 
sult, we knocked down a negative regulator of 
mitosis, Tribbles (Trbl), or overexpressed the 
Gl progression regulators Cyclin D (CycD) and 
Cdk4 in the ectoderm (fig. S7A). These treat- 
ments increased the density of ectodermal 
rounded cells before macrophage entry by 60% 
(Fig. 2E’) and led to a 25 to 50% increase in 
macrophages in the GB compared with the con- 
trol (Fig. 2F’ and fig. S8, G and G’). Macrophages 
always entered at their usual position and next 
to a mitotic ectodermal cell (Fig. 2G’, fig. SSH, 
and movie S5). Total macrophage numbers 
were unchanged compared with controls (fig. 
S8, I and J). These results strongly suggest that 
the timing of ectodermal divisions is a rate- 
limiting factor for macrophage invasion. 

To examine whether macrophages stimu- 
late division to facilitate invasion, we expressed 
Hid in macrophages, inducing their apoptosis 
before reaching the GB (fig. S9A). However, 
the density of dividing cells in the GB was un- 
altered in these embryos, and the timing and 
speed of GB retraction remained unchanged 
(fig. S9, B and C, and movie S6). 
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We next asked how ectodermal mitotic 
rounding facilitates macrophage entry. First, 
we tested whether the increased cortical stiff- 
ness that causes rounding, or the free space 
that results from it, might help macrophages 
to advance (14, 16). We temporarily increased 
cortex contractility through optogenetic recruit- 
ment of the Rhol exchange factor RhoGEF2 to 
the plasma membrane (fig. S10A) (77), inducing 
rounding of ectodermal cells in a small region 
(50 um by 40 um by 20 um) at the entry site 
~40 min before normal macrophage entry (fig. 
$10, B to D) without causing de-adhesion of 
these cells (fig. S10, E to H). This approach, 
distinct from the long-lasting widespread 
increase in ectodermal tension that impedes 
macrophage invasion (8), caused no change 
in the timing of macrophage entry (fig. S10, 
I to K). Next, using fluorescent dextran, we 
examined the intercellular space that mitotic 
rounding opens at the entry point in wild-type 
embryos. This distance increased by only 30%, 
producing a gap narrower than the diameter 
of the macrophage nucleus when squeezed 
between tissues and much narrower than 
the space observed between the tissues during 
invasion (fig. S11). These results suggest that 
ectodermal cell rounding alone is not suffi- 
cient to promote macrophage entry. 

The ectoderm faces the mesoderm with its 
basal side, forming focal adhesions (FAs) 
that bind through oPS1- and BPS-integrins to 
laminin, which could thus impede macrophage 
entry (Fig. 3, A and B) (8). FAs have been ob- 
served to disassemble during vertebrate mitotic 
rounding in vitro (78). We examined their in vivo 
temporal and spatial dynamics in the GB. We 
first visualized these FAs by staining against 
B-integrin, which localized to dot-like adhesive 
structures at the ectodermal-mesodermal inter- 
face (fig. S12, A to A”). Focal adhesion com- 
ponents vinculin and talin (79) also showed 
a dotted pattern along this interface (fig. S12, B 
to D). Once an ectodermal cell started to round, 
these FAs (visualized live by vinculin::mCherry) 
gradually disappeared, leaving only one peak 
remaining in the middle of the basal side (fig. 
S12E and Fig. 3, C and D), which gradually 
flattened (Fig. 3, C to E). FA disassembly did 
not depend on the presence of macrophages 
and took place in every basally dividing cell in 


the ectoderm (fig. S13, A to E, and movie $7); 
FAs reassembled after daughter cells acquired 
a polygonal shape (fig. $13, F and G, and 
movie S8). Imaging ectodermal mitotic cells 
at the entry point revealed that macrophages 
always entered after disassembly of the last 
adhesion spot (Fig. 3, C to F; movie S9; and 
fig. S14, A to F). The macrophage nucleus 
moved farther into the tissue between other 
FAs, which do not disassemble (fig. S14, B’ to F’ 
and G to H’). In cases where entry occurred 
next to the rounded daughter cells produced 
by division, mitosis was completed faster than 
macrophage nuclear translocation; however, 
new FAs were not established before entry (fig. 
S13, F and G). We conclude that FA disassembly 
at the entry point correlates with the macro- 
phage nucleus’s penetration between tissues. 

Finally, we reduced FA components f-integrin, 
talin, or vinculin in the ectoderm by RNAi knock- 
down (fig. S15, A to F) without affecting devel- 
opment (fig. S15, G and H). This resulted in 
higher macrophage numbers in the GB (Fig. 4A 
and fig. S16, A to C) that entered earlier but 
without a change in speed compared with the 
control (fig. S16, D to G). In contrast, B-integrin 
knockdown in the mesoderm had no such 
effect (fig. SI6H), confirming that mesoderm 
adhesiveness does not hinder invasion. The 
first macrophage could enter without ecto- 
dermal rounding or division in B-integrin or 
vinculin knockdown embryos, unlike in the 
wild type (Fig. 4B, fig. S161, and movie S10). 
Even in dinaciclib-injected embryos, ectoder- 
mal B-integrin knockdown resulted in macro- 
phages entering in the absence of rounding or 
dividing cells at the entry point, further sug- 
gesting that rounding itself is not necessary 
for invasion (fig. S16J). Thus, although we can- 
not exclude a contribution from other effects, 
we reveal the disassembly during mitosis of 
the focal adhesions that attach a cell to its 
environment as the main mechanism by which 
division opens the door for macrophage infil- 
tration (fig. S17). 

We have pinpointed surrounding tissue di- 
vision as the crucial variable affecting the rate 
of entry of the first Drosophila macrophage. 
Vertebrate mitosis also leads to diminishment 
of focal adhesions (8). Our findings suggest 
that regulation of division during develop- 
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ment, inflammation, or tumor growth could 
affect the number and placement of immune 
cells in tissues in a wide range of normal and 
disease contexts. 
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SUPERCONDUCTIVITY 


Superconducting spin smecticity evidencing the 
Fulde-Ferrell-Larkin-Ovchinnikov state in Sr-.Ru0, 


K. Kinjo’*, M. Manago“+, S. Kitagawa, Z. Q. Mao, S. Yonezawa’, Y. Maeno’t, K. Ishida’* 


Translational symmetry breaking is antagonistic to static fluidity but can be realized in superconductors, 
which host a quantum-mechanical coherent fluid formed by electron pairs. A peculiar example of 

such a state is the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state, induced by a time-reversal 
symmetry-breaking magnetic field applied to spin-singlet superconductors. This state is intrinsically 
accompanied by the superconducting spin smecticity, spin density-modulated fluidity with spontaneous 
translational-symmetry breaking. Detection of such spin smecticity provides unambiguous evidence for 
the FFLO state, but its observation has been challenging. Here, we report the characteristic “double-horn” 
nuclear magnetic resonance spectrum in the layered superconductor SrzRuO, near its upper critical field, 
indicating the spatial sinusoidal modulation of spin density that is consistent with superconducting spin 
smecticity. Our work reveals that Sr2RuO, provides a versatile platform for studying FFLO physics. 


onventional superconductivity, regarded 

as a quantum-mechanical coherent fluid 
formed by electron pairs, is spatially ho- 
mogeneous in ideal situations and re- 

tains translational symmetry. However, 

such a homogeneous fluid state may become 
unstable, and the translational symmetry can be 
broken upon the application of time-reversal 
symmetry-breaking magnetic fields. One triv- 
ial example is quantized vortex lattices formed 
in any type II superconductors. A more exotic 
state may emerge under sufficient spin polar- 
ization: With spin imbalance, electron pairs 
with a finite total momentum are formed, 
resulting in spatial oscillation of the super- 
conducting (SC) order parameter. This state is 
known as the Fulde-Ferrell-Larkin-Ovchinnikov 
(FFLO) state (1, 2); the concept has been ex- 
tended to other systems such as cold atoms 
(3) and neutron stars (4). In the FFLO state 
of a spin-singlet superconductor, the mod- 
ulated SC order parameter is intrinsically 
accompanied by both fluidity and spatial spin 
modulation—namely “spin smecticity,” which 
is analogous to liquid-crystal smectic phases. 
Moreover, this spin smecticity causes non- 
trivial local spin-density enhancement: Spin 
density near the nodes of the order param- 
eter oscillation becomes even higher than that 
of the normal state (Fig. 1). An observation of 
this characteristic spin smecticity would pro- 
vide indisputable evidence of the FFLO state. 
Demonstrating unambiguously the existence 
of the FFLO state has proven difficult. This is 
because superconductivity is in most cases 
destroyed by vortex kinetic energy (orbital 
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limiting) before sufficient spin polarization is 
induced by the Zeeman effect (Pauli limiting). 
A first-order transition (FOT) between the 
normal and SC states is a hallmark of sizable 
spin polarization. Moreover, FFLO states are 
quite fragile against impurities; only a few 
clean superconductors with large effective elec- 
tron mass (5), such as quasi-two-dimensional 
(2D) organics (6) and heavy-fermion CeCoIn; 
(7), exhibit the FOT and subphases within the 
SC state. For CeCoIn;, the observed high-field 
subphase (Q-phase) (8) is not a simple FFLO 
phase because it is intertwined with a mag- 
netic order. In (6-8), bulk anomalies related 
to the FFLO state have been detected, but evi- 
dence more closely linked to the FFLO modu- 
lation, such as the SC spin smecticity, has not 
been reported. Nuclear magnetic resonance 
(NMR) spectrum is a promising probe with 
which to observe spatial spin modulation be- 
cause NMR spectrum can detect the local spin 
susceptibility with high sensitivity (9-12). 

In this work, we focused on the layered 
perovskite Sr,.RuO,, which is an extremely 
clean and archetypal unconventional super- 
conductor with the SC critical temperature 
(T,) of 1.5 K (13-15). Its normal state is well 
understood as a strongly correlated Fermi- 
liquid state. However, the nature of the SC 
pairing state has not been elucidated. Re- 
cently, a decrease in the in-plane spin suscep- 
tibility in the SC state was observed (16) and 
later confirmed by other groups (/7, 78), ruling 
out the chiral spin-triplet scenario. The un- 
changed spin susceptibility reported by pre- 
vious NMR measurements (79) is ascribed 
to the instantaneous destruction of super- 
conductivity caused by overheating by NVR 
pulses. The full elucidation of the SC state 
of Sr.RuO, is entering a new stage (20-25). 
One of the characteristic features observed 
in Sr,zRuO, is the FOT between the SC and 
normal states in the in-plane field (26). In 
addition, Sr.RuO, has an exceedingly long 


mean-free-path / of ~3 um for the in-plane 
direction, which is much longer than the in- 
plane SC coherence length of 0.066 um (74, 15). 
These features favor the emergence of the 
FFLO state. 

Moreover, SrzRuO, has a crystallographic 
advantage for detecting the SC spin smecticity. 
There are two inequivalent oxygen sites in 
Sr,RuO,: the planar-oxygen [O(1)] and the 
apical-oxygen [O(2)] sites (Fig. 2A). The smaller 
hyperfine coupling and higher local symmetry 
at the O(2) site make the local NMR spectrum 
much sharper and stronger than that at the 
O() site. Thus, the NMR spectrum at the O(2) 
site provides an ideal probe for the spatial 
variation of spin density. In other FFLO can- 
didates, the anomalies in the spectral width 
and the enhancement of the nuclear spin- 
lattice relaxation rate 1/T, suggesting the local 
enhancement in the density of states were 
reported in the FFLO state (9-17). Such an 
enhancement of 1/7, is considered to be a 
decisive dynamical signature of the FFLO state 
originating from the spin-polarized Andreev 
bound state (9-12). Nevertheless, previous 
attempts to probe the static FFLO spin modu- 
lations by the spectral peak splitting have not 
yielded a clear and unambiguous observa- 
tion, mainly owing to unfavorable crystal struc- 
ture and complications caused by magnetic 
ordering. 

We used 7O-NMR measurements with a 
very precise field-direction control to observe 
that the spin density ascribed to the SC pairs 
becomes spatially inhomogeneous, featuring 
spin-“dense” and spin-“thin” portions. Details 
of the experimental methods are described in 
(27). This spin modulation emerges in a lim- 
ited field region near SC upper critical field 
HA. and only when magnetic field H is parallel 
to the ad plane. Our observations indicate the 
existence of SC spin smecticity, providing un- 
ambiguous evidence for the FFLO state. 

The in-plane field variation of the “O-NMR 
spectrum is shown in Fig. 2B at the O(2) site 
near H,», measured at 70 mK. All spectra were 
obtained by using the free-induction-decay 
method with the radio frequency (RF)-pulse 
energy small enough to avoid overheating 
(figs. S2 and S3). Together with time-resolved 
ac susceptibility measurements by using the 
identical sample and setup, the data confirm 
that the sample is globally in the SC state 
below Ho (fig. S2) (16, 17). In the following, 
NMR spectra are presented as a function of 
the Knight shift K, which is defined as K = 
(f-Fo)/fo, where fo is the bare NMR frequency 
evaluated by fo = yH/2n, with the nuclear 
gyromagnetic ratio y/2n = 5.7718 MHz/T of 
1% nuclei. K at the peak (K®“*) is propor- 
tional to the electronic spin susceptibility at the 
nuclear site. The NMR spectra above UgHes = 
1.4 T, where the sample is in the normal state, 
are almost symmetric. The spectra below 1.1 T 
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Fig. 1. Schematic comparison among the normal state, homogeneous SC 
state, and FFLO SC state. (Left) In the normal state, conduction electrons 
having spin 1/2 are polarizable and have a finite spin susceptibility spin = Xnormal- 
This Xspin is detected as a single NMR peak centered at Knormai. (Middle) In 

an ordinary spin-singlet superconductor with homogeneous SC order parameter 
|'¥|, electrons uniformly form spin-less pairs, and thus spin-density is homoge- 
neously reduced from xnormal. (Right) By contrast, in the FFLO state the spatial 


modulation of || breaks the translational symmetry, with nodes appearing 
periodically. Because the adjacent antinodes have opposite order-parameter signs 
as depicted by the colors on the schematic at top right, quasiparticles induced 
around the nodes are more spin-polarized than that in the normal state. This 
results in SC spin smecticity with nontrivial local spin enhancement. The spin 
smecticity is evidenced by the double-horn NMR spectra, with one peak having a 
Knight shift larger than Knormal- 
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Fig. 2. Double-horn NMR evidence for the FFLO state. (A) Crystal structure 
of Sr2RuQ,. The blue plane indicates the RuO» conduction layer. (B) 170-NMR 
spectrum at the O(2) site measured at 70 mK and various fields. The spectra in 
red exhibit the two-peak structure that indicates the FFLO state. The spectra 
are offset for clarity. (©) Comparison of the spectra for the O(1);, and O(2) sites. 
Both the O(2) site (red circle) and the O(1) site (green circle), whose Ru-O 


bonding is parallel to the applied magnetic field, exhibit the characteristic 
double-horn structure. (D) Comparison of O(2)-site spectra at 1.2 K (normal 
state) and 0.07 K (FFLO state) at 1.3 T. The intensity is normalized with 
the maximum at each temperature. The right-side peak has a larger Knight 
shift than that of the normal state, indicating the emergence of a nontrivial 
spin-dense region. 


behave as those for conventional spin-singlet 
superconductors; the Knight shift at the peak 
decreases owing to the reduced electron spin 
susceptibility of the pairs, and the linewidth 
increases because of the distribution of the 
local magnetic field in the vortex state. Be- 
tween these regions, unusual behavior occurs: 
An additional NMR peak appears starting from 
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1.2 T and grows with increasing H, resulting 
in a “double-horn” structure (two peaks having 
equal intensities) at 1.3 T. A modulation of 
similar magnitude (~40% of the spin part of 
the Knight shift) was also observed at the O(1)), 
site (Fig. 2C). Comparison between O(2) and 
O(1)|, NMR spectra may reveal the orbital de- 
pendence of the FFLO state because they hy- 


bridize with different sets of Ru-4d orbitals, 
as discussed in (27) (fig. S6). Further, K of the 
right-side peak is larger than that of the normal- 
state peak, as shown in Fig. 2D, indicating the 
realization of a large spin-dense region in the 
sample. This two-peak spectrum cannot be 
ascribed to a simple phase separation between 
the SC and normal states (27). 
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Fig. 3. NMR spectrum change and phase diagram of Sr,RuQ,. (A) (Top) SC 
shielding signal measured with the frequency around 7.4 MHz. (Middle) Square 
root of the second moment Vo2 of the NMR peaks corresponding to the 
spectral width at the O(2) site. T* is defined as the temperature below which 
Voz exceeds the ordinary vortex-lattice contribution shown as the dashed 
curve in (B). (Bottom) Change in the NMR Knight shift from the normal-state 
value. Dashed lines in the middle and bottom are guides to the eye. The 
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background colors are white for the normal state, orange for the anomalous 
SC state, and blue for the homogeneous SC state. (B) Magnetic-field 
dependence of V2 at 70 mK. The dashed line is the extrapolation from 
low-H behavior assuming vortex-lattice contribution (27). (©) Phase diagram 
representing the FFLO region determined from the NMR results. The 

red dashed curve indicates the FOT determined from the magnetocaloric 
effect (26). 
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To obtain further information, we inves- 
tigated the temperature variation of the 
O(2)-site NMR spectrum as well as the bulk 
shielding signal to determine 7,. Shown in 
Fig. 3A are the temperature variation of the 
ac susceptibility (vac); the square root of the 
second moment (02), characterizing the NVR 
spectral linewidth (27) and reflecting the 
distribution of spin susceptibility; and the 
Knight-shift change from the normal-state 
value, measured at various fields. These NMR 
quantities were determined from the spectra 
shown in fig. S4. At 1.1 T, the decreasing K (AK) 
and increasing Vo upon cooling below T, is 
the above-mentioned conventional spin-singlet 
SC behavior. At 1.25 T, an additional peak with 
a larger Knight shift than the normal-state 
shift appears only below 0.3 K, which is far 
below T, ~ 0.7 K. Moreover, the field depen- 
dence of Vo? shown in Fig. 3B exhibits an 
anomalous enhancement near H,». A compar- 
ison between this behavior and that reported 
in organic superconductors (12) is discussed in 
(27). Such an anomalous Vo? at low tempera- 
tures indicates that an inhomogeneous super- 
conductivity emerges in the high-field region. 

To determine the boundary of this inho- 
mogeneous state in the H-T phase diagram 
systematically, we focused on Vo? , which 
characterizes the distribution of spin density. 
Because Vc? exhibits additional rapid increase 
below a temperature substantially lower than 
T,, we define T* below which Vo? exceeds the 
value expected from the ordinary behavior 
stemming from vortex penetration (Fig. 3B, 
dashed curve) (27). T* characterizes the onset 
of spectral splitting. As shown in Fig. 3C, 7T* 
increases with increasing H, indicating that 
the inhomogeneous state becomes more stable 
when H,.(0) is approached. Thermodynamic 
measurements on Sr,RuO, have not revealed 
this phase boundary. However, an anomaly in 
fourfold in-plane field anisotropy of the spe- 
cific heat above about 1.2 T, close to H* in our 
phase diagram, has been reported (28, 29); 
this anomaly was interpreted as the occurrence 
of an extra phase, such as the FFLO phase (29). 

The double-horn two-peak spectra with one 
of the peaks having a larger value of K than 
that of the normal state were observed only in 
the high-H and low-T region (Fig. 3C). This 
peak splitting cannot be explained by ordinary 
phase separation. Instead, such a double-horn 
structure is naturally explained by the real- 
space sinusoidal spin modulation with a single 
wave number, as shown schematically in Fig. 1. 
Such double-horn NMR spectra have often 
been observed in spin-density wave states 
with a sinusoidal-modulated ordered moment 
(30). The crucial difference in the present case 
is that the spin modulation is formed with 
superfluid electron pairs. Thus, the present 
observation provides evidence for SC spin 
smecticity. For comparison, the Q-phase of 
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CeColIn; exhibits a spin modulation much 
larger than the inhomogeneous phase in 
Sr2RuO,. This difference is consistent with the 
spin modulation in the CeCoIn; Q-phase being 
dominated by magnetic order, whereas that in 
Sr,RuO, is a result of the SC spin smecticity (27). 

The observed spin smecticity provides un- 
ambiguous evidence for the FFLO state. The 
distribution of the spin density in an FFLO 
state has been theoretically calculated (31, 32). 
The simulated NMR spectra (37) for the FFLO 
state at H = 0.9 H.» is in good agreement with 
our double-horn spectrum at 1.3 T (fig. $7). 
Additionally, the field and temperature de- 
pendence of the spectral shape (Fig. 2B and 
fig. S4) can be understood within the FFLO 
scenario. The intensity of the peak arising 
from the nodal region (the right-side peak) in 
the FFLO state increases abruptly with increas- 
ing H and decreasing T owing to the forma- 
tion of the nodal plane. Moreover, the intensity 
ratio of the two peaks depends on the FFLO 
wavelength g and thus on temperature and 
the magnitude of the applied H. The real-space 
nodes in the FFLO state can be viewed as 
topologically protected bound states formed 
inside the SC gap (33, 34). The m-phase shift of 
the pair potential across the nodal plane leads 
to zero-energy bound states with an enhanced 
density of states. This enhancement makes the 
spin density at the FFLO nodal plane higher 
than the value in the normal state. 

In the FFLO state, Cooper pairs (KT, -k + q|) 
with a finite total momentum |q| ~ gu,H /hvp 
are formed between the electrons in the Zeeman- 
split parts of the Fermi surfaces. Here, g rep- 
resents the electron-spin g-factor, ug is the 
Bohr magneton, f is Planck’s constant h di- 
vided by 2z, and vz is the Fermi velocity. Conse- 
quently, the SC order parameter is modulated 
in the real space as A(7") = Acos(q-1r), with the 
wavelength Arrto = 27/|qg|. From the compar- 
ison between the NMR spectrum at 1.3 T and 
the simulation (fig. S7) (27, 3D), Aggro is esti- 
mated to be 30 times longer than the in-plane 
coherence length €, and thus Aggro ~ 306 ~ 
2.0 um by using € ~ 0.066 um of SrzRuO,. 
This is in good agreement with the crude esti- 
mation Agro = 2nhvz/gupH = 2n°AE/gupH = 
29.8& = 1.97 um, assuming g = 2 and A = 1.76 kpT,, 
where kz is the Boltzmann constant. 

As the next step to obtain the definitive 
evidence of the FFLO state, it is quite im- 
portant to detect the FFLO phase boundary 
from other thermodynamic measurements 
and to image the spatial modulation of the 
SC order parameter directly, which should be 
possible with scanning tunneling microscopy. 
Our study reveals that Sr.RuO, is a most suit- 
able superconductor for studying the FFLO 
state because the FFLO state is observable 
under magnetic fields one order of magni- 
tude smaller than those for the other FFLO 
candidates. This makes the inhomogeneous 


SC state we observed in Sr,RuO, accessible to 
various experimental probes. 
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QUANTUM SENSING 


Atomic-scale quantum sensing based on the ultrafast 
coherence of an H, molecule in an STM cavity 


Likun Wang’, Yunpeng Xia‘, W. Ho'2* 


A scanning tunneling microscope (STM) combined with a pump-probe femtosecond terahertz (THz) laser 
can enable coherence measurements of single molecules. We report THz pump-probe measurements 
that demonstrate quantum sensing based on a hydrogen (Hz) molecule in the cavity created with an 
STM tip near a surface. Atomic-scale spatial and femtosecond temporal resolutions were obtained from 
this quantum coherence. The Hz acts as a two-level system, with its coherent superposition exhibiting 
extreme sensitivity to the applied electric field and the underlying atomic composition of the copper 
nitride (Cu2N) monolayer islands grown on a Cu(100) surface. We acquired time-resolved images 

of THz rectification of H2 over Cu2N islands for variable pump-probe delay times to visualize the 
heterogeneity of the chemical environment at sub-angstrom scale. 


uantum sensing and quantum comput- 

ing, together with other quantum pro- 

cesses, have shown advantages over 

their classical counterparts (J, 2). Un- 

like quantum computing, which pur- 
sues the long decoherence time in a robust 
quantum system such as an isolated qubit, 
quantum sensing capitalizes on the weakness 
of a quantum system for its high sensitivity to 
the external environment. Although nitrogen 
vacancy (NV) centers (3-6), trapped ions (7), 
and single-electron transistors (8, 9) have been 
used as quantum sensors, atomic-scale spa- 
tial resolution has been impeded by the large 
size of existing sensors or the limitations of 
experimental techniques. 

The scanning tunneling microscope (STM) 
offers atomic-scale measurement and con- 
trol of molecular systems in a surrounding 
environment that can be characterized by 
imaging (10). Amolecular quantum dot has 
been attached to the STM tip to measure the 
surface electric potential (17). Electron spin 
resonance sensors based on single magnetic 
atom-functionalized tips have probed the local 
magnetic fields produced by atomic and mo- 
lecular spins (12-16). The combination of STM 
and femtosecond lasers has probed the tem- 
poral dynamics of molecular motions in the 
STM cavity with atomic-scale spatial resolution 
far below the diffraction limit (77-19). 

Here, we studied single H, molecules in the 
cavity defined by the Ag tip and a Cu)N island 
grown on the Cu(100) surface using a femto- 
second laser, corresponding to terahertz (THz) 
frequencies, together with a low-temperature 
STM. By performing THz rectification spec- 
troscopy (TRS) and THz pump-probe measure- 
ments, we demonstrate the sensitivity of the 
coherence of a single H, molecule to its im- 
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mediate environment. The THz pulses in the 
STM cavity can couple two low-lying states 
of H, in a double-well potential and create a 
superposition that oscillates periodically with 
a frequency corresponding to the energy sep- 
aration of the two states. The damping of this 
coherent oscillation provides a measure of the 
decoherence time from the interaction of the 
two-level system (TLS) with its surrounding 
environment. 

Experiments were performed in a home- 
built ultrahigh-vacuum (UHV) STM at a base 
temperature of 9.0 K and with silver (Ag) tips. 
A femtosecond Ti:sapphire laser with 1-GHz 
repetition rate was used to generate THz 
pulses from a plasmonic photoconductive 
antenna (20). The THz pulses were aligned 
and focused into the cavity through flat silver 
mirrors and aspheric Tsurupica lenses. The 
experimental approach is shown schemat- 
ically in Fig. 1A, and additional details are 
described in the supplementary materials 
(figs. S1 and S2). 

Hydrogen molecules adsorb on a variety of 
materials, including metal surfaces (27), insu- 
lating layers (22-26), and single molecules 
(27, 28). To describe a Hy molecule in the tun- 
nel junction, a TLS in a double-well potential 
has been widely adopted (29, 30) in which the 
H, molecule switches between two different 
adsorption configurations (37) (Fig. 1B). The 
population change from the predominant lower 
state |a) to upper state |b) can be greatly en- 
hanced when the tunneling electrons have suf- 
ficient energy to excite H, external vibrational 
or rotational states (30) lying above the central 
barrier of the double-well potential. 

With a H, molecule weakly trapped inside the 
STM cavity, the spatial resolution in constant- 
current topography can be greatly enhanced 
(22). A topographic image of an incommen- 
surate Cu2.N island grown on Cu(100) (32) is 
shown in Fig. 1C, with a close-up image in 
Fig. 1D. By performing inelastic electron tun- 
neling spectroscopy (IETS) measurements over 


different sites of the Cu.N island (Fig. 1E), we 
confirmed the presence of an H, molecule in 
the cavity (25-27). The v = 0 — 1 excitation of 
the external vibration at +20 mV and j = 0 > 2 
(para-hydrogen) rotational excitation at +43 mV 
did not show resolvable differences for the 
three high-symmetry positions over Cu.N. 

The spatial variations of the charge distri- 
bution on the heteroatomic Cu.N surface (33) 
were expected to induce a dipole moment in 
the adsorbed H, molecules. Femtosecond THz 
laser pulses irradiating the STM cavity can 
excite the TLS, change its population, and fa- 
cilitate tunneling of H, between the two states. 
To extract the population change from the tun- 
neling current induced by THz irradiation, we 
implemented atomic-scale rectification spec- 
troscopy, which was initially demonstrated in 
the microwave frequency range (34, 35). The 
calibration of the absolute rectification current 
is shown in fig. S3. A peak voltage of 4.2 mV 
was derived from THz irradiation by compar- 
ing the peak width of IETS and TRS measure- 
ments. Further discussion on this weak THz 
field is given in the supplementary materials 
(fig. S4). Single-beam TRS shows unchanged 
vibrational and rotational excitation energies 
(Fig. 1F) for the same tip-substrate separation 
and substrate positions as IETS in Fig. 1E. 
However, the spectral line shapes in Fig. 1, E 
and F, substantially differ because of popu- 
lation change in the H, TLS induced by the 
THz pulses. 

To monitor the temporal evolution of the 
THz-induced population change, we conducted 
THz pump-probe measurements over H, trapped 
between the STM tip and the Cu.N surface. 
The rectification current was recorded as a 
function of the time delay t between two nearly 
identical THz beams (Fig. 2A). Coherent oscil- 
lations with temporal decay and beating were 
clearly resolved with the tip positioned over 
different positions of the Cu,N island. At each 
of the three high-symmetry positions, a strong 
peak appeared in the fast Fourier transform 
(FFT) that corresponded to the main oscilla- 
tion in the time domain. Additionally, the beat- 
ing in each delay scan led to satellite peaks in 
the frequency domain. Similar oscillation was 
also seen in the spectral intensity of TRS for 
different delay times, as shown in fig. $5. Addi- 
tional details and analyses are described in the 
supplementary materials. 

The coherent oscillations of H2 were sensi- 
tive to the position of the tip over the Cu,N 
island (Fig. 2A). The description of the Cu,.N 
lattice is given in fig. S6. No substantial dif- 
ference in the vibrational and rotational exci- 
tation energies could be resolved by IETS and 
single-beam TRS for the STM tip over the 
three lateral positions of the Cu,.N layer. In 
contrast, the THz pump-probe measurements 
revealed largely distinct frequencies for the 
three positions (Fig. 2B). For example, an 
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Fig. 1. IETS and TRS of Hz over different sites 
of Cu2N. (A) Schematic diagram of THz-STM 
experimental setup. t is the temporal delay 
between the pump-probe THz pulses. 

(B) Asymmetric double-well potential of 

Hz molecule in STM cavity. (©) Constant- 
current topography of Cu2N island 

acquired with Ag tip; image size 

62.0 A x 62.0 A. Scanning condition: 

-20 mV/0.3 nA. (D) Zoom-in topographic 
image of the CupN island, 7.4 A x 7.4 A, 

with red (1), yellow (2), and blue (3) dots 

over the hollow, bridge, and top sites of 

the CupN lattice, respectively. (E) STM-IETS 
measurements of H2 molecule acquired 

with root-mean-square bias modulation of 

3 mV at 263.03 Hz. Tip is positioned at the 
three different positions labeled in (D) 
with -20 mV/40 pA setpoint. The black 

curve in the upper schematic illustrates the 
sine-wave modulation for IETS. (F) TRS 
measurements of Hz molecule over the three 
high-symmetry positions. Single beam of THz 
pulses is aligned into the junction with the 
same setpoint and chopped at the same 
frequency as the STM-IETS for acquiring 

the spectra. The green curve in the upper 
schematic illustrates modulation of the single 
THz beam for TRS. Within half of each square- 
wave modulation period, a pulse train of 

~1.9 million THz pulses is directed into the 
STM cavity. Dashed lines in (E) and (F) 

mark the excitation energies of the external 
vibration and rotation at -20 mV and -43 mV, 
respectively. All of the spectra in (E) and 

(F) are offset vertically for clarity. 


oscillation frequency shift of 0.11 THz was 
recorded from position 2 (0.26 THz) to posi- 
tion 3 (0.37 THz), which corresponds to a 
sensitivity of 58 GHz/A in the surface plane. 
The frequency difference was well resolved 
in the FFT spectrum even though the lat- 
eral distance between positions 2 and 3 was 
only 1.9 A. 

The lattice mismatch between Cu.N and 
Cu(100) (32) and the asymmetry of the STM 
tip could induce multiple closely related con- 
figurations of H, and lift the degeneracy of the 
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TLS energy levels, which led to satellite peaks 
in the FFT spectrum (Fig. 2B). By fitting mul- 
tiple sinusoidal functions with an exponential 
decay term to the coherent oscillations over 
each position (fig. $7), we could also extract 
the decoherence time Ts, as shown in the inset 
of Fig. 2B. Positions 1 and 3 showed similar T, 
around 45 ps, whereas position 2 exhibited a 
longer time of 80 ps. A set of THz pump-probe 
measurements with the STM tip over a series 
of the protrusion sites across the Cu,N island 
is shown in fig. S8, illustrating the high spatial 
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sensitivity of the coherent oscillations and sur- 
face heterogeneity. In addition, the coherent 
oscillation over position 1 of fig. S8A exhibited 
negligible beating and revealed a single peak 
located at 0.444 THz in the FFT spectrum (fig. 
S9). The full width at half-maximum (FWHM) 
of the peak was 4.3 GHz by fitting with a 
Gaussian peak. Taking the resolving power to 
be the separation of two peaks by the FWHM, 
the THz pump-probe measurements could re- 
solve a frequency shift of 4.3 GHz or an energy 
of 18 eV. 
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Fig. 2. THz pump-probe measurements of Hz over different positions of Cu2N. 
(A) Time-domain measurements of the THz rectification current through H2 over 

three lateral positions. The tip is positioned over the correspondingly colored spots 
with the feedback setpoint -20 mV/40 pA. The feedback is then turned off 

and sample bias is ramped to -30 mV for the measurements. All of the spectra 

are offset vertically for clarity. The green curve in the upper schematic illustrates 


The periodic arrangement of non-neutral 
Cu and N atoms determines the surface chem- 
ical environment distribution of Cu,.N (36, 37). 
When the tip was placed over the three high- 
symmetry positions with the same setpoint, 
the H, molecule trapped inside the cavity ex- 
hibited different dipole moments caused by 
the heterogeneous atomic composition of the 
underlying surface. As a result, the energy 
separation of the two levels changes, making 
the H, molecule a sensitive probe of the sur- 
face chemical environment. 

The effect of intermolecular interactions 
from other adsorbed H, molecules was ruled 
out with the observation of a constant oscilla- 
tion frequency at various H, concentrations 
(fig. S10). Unlike the IETS and single-beam 
TRS, which showed no resolvable position- 
dependent differences on the excitation ener- 
gies, THz pump-probe measurements probing 
the TLS coherence showed an advantage in 
sensing changes in the molecular environ- 
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ment. In addition to the frequency shift, the 
decoherence time of the oscillations also 
exhibited spatial dependence at the atomic 
scale. 

The energy difference of the TLS could also 
be tuned by varying the tip-substrate separa- 
tion, which was controlled by adjusting the 
tunneling current at constant sample bias. As 
the tunneling current increased from 0.02 to 
0.2 nA, the tip moved toward the surface by 
~1A. A series of THz pump-probe measure- 
ments at different tip-substrate separations 
(Fig. 3A) showed that as the tip approached 
the substrate, the coherent oscillation grad- 
ually became weaker. A color map of the mea- 
surements (fig. SIIB) shows changes in the 
oscillation period and amplitude as a function 
of tip-substrate separation. 

The frequency from the FFT exponentially 
increased as the tip-substrate separation de- 
creased (Fig. 3B). A frequency sensitivity of 
0.19 THz/A in the normal direction (tunneling 
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modulation of THz pump-probe beams for TRS. Within half of each square-wave 
modulation period, a pulse train of ~1.9 million THz pulse pairs is directed into the 
STM cavity. Inset: Constant-current STM topography of CuyN surface, 7.4 A x 7.4 A, 
showing the tip positions (1, 2, and 3) and lines connecting the Cu and N atoms 
in the two sublattices. (B) FFT results of the corresponding measurements in (A). 
Inset: Decoherence times extracted from fitting of the data shown in (A). 


gap) was determined. Both the oscillation am- 
plitude and decoherence time decreased when 
the tip-substrate separation decreased (Fig. 3A), 
suggesting a stronger coupling of the Hz mole- 
cule with the junction environment. The varia- 
tion in the tip-substrate separation across the 
Cu.N lattice was only ~0.03 A, as measured 
from the line cut in fig. S6F. This height var- 
iation contributed ~0.006 THz to the frequency 
shift observed in Fig. 2B. 

To provide further insight into the change 
in the energy separation of the TLS, we varied 
the sample bias while monitoring the coherent 
oscillations (Fig. 3, C and D). The oscillation 
frequency increased by ~0.2 THz upon chang- 
ing the sample bias from -50 mV to 40 mV 
(Fig. 3E). The total electric field experienced 
by the H, molecule trapped in the STM cavity 
was a combination of the surface electrostatic 
field and the DC field from the sample bias. As 
we altered the sample bias without changing 
the tip position or tip-substrate separation, the 
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Fig. 3. Coherent oscillation dependency on tip-substrate separation and 
sample bias. (A) THz pump-probe measurements at various tip-substrate 
separations. The separation is controlled by ramping the tunneling current before 
turning the feedback off at -20 mV. The bias is then ramped to -30 mV to 
take the measurements. The colored texts label the corresponding change of tip- 
substrate separation. (B) Oscillation frequency at each change of tip-surface 
separation from FFT of the time domain measurements in (A); the red line is an 
exponential fit. (©) THz pump-probe measurements at various sample biases. 


DC field varied while the surface electrostatic 
field remained the same. Because the energy 
levels shifted under external field through the 
Stark effect, the energy separation of the TLS 
changed. Analysis and fitting of the data in 
Fig. 3E yielded a surface electrostatic field of 
43 mV/A pointing toward the surface. In addi- 
tion, the dipole moment difference of the two 
states along this field was extracted and found 
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to be ~0.6 debye. Details of the fitting are de- 
scribed in the supplementary materials. Besides 
varying the sample bias, the coherent oscilla- 
tion frequency could also be shifted for differ- 
ent tips under the same sample bias (fig. S12). 
Effectively, the DC fields varied with tip struc- 
ture from different tips, which modified the 
total electric field acting on the H, and thus 
changed its oscillation frequency. 
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lled by ramping the bias after turning the feedback off 


at -20 mV/40 pA. The colored texts label the corresponding sample bias. 


of THz pump-probe measurements, some of which are 
e of the coherent oscillation as a function of sample bias 


can be visualized. For clarity, the intensity of all of the spectra is normalized 
positively to the color palette with range (0, 1). (E) Oscillation frequency at each 


lomain measurements in (C); the red line is a fitting of the 


data with function described in the supplementary materials. 


We acquired THz rectification images in real 
space with atomic-scale spatial and femtosecond- 
scale temporal resolutions. The spectroscopic 
features of the TLS exhibited temporal evolu- 
tion that sensitively depended on the mole- 
cule’s surrounding environment in the surface 
plane. As shown in Fig. 4, a series of constant- 
height THz rectification imaging was recorded 
at different time delays between pump-probe 
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Fig. 4. Temporal snapshots of THz rectification imaging of Cu2N surface at various delay times. 

(A to D) Rectification imaging of the entire Cu2N island at four different delays. For each pixel in the 
images, tip is positioned at setpoint -20 mV/40 pA, and then feedback is turned off and bias is ramped 
to -30 mV. Feedback is turned on before and during the tip movement to the next pixel. All images are 
53.2 A x 44.9 A and 266 x 224 pixels. (E to P) Series of zoom-in rectification images at various delays. 
All images are 13.8 A x 13.8 A and 137 x 137 pixels. 


pulses. These images provided temporal snap- 
shots of the spatial variations of the H, TLS 
coherence caused by the heterogeneity of the 
surface. Four successive images of the whole 
Cu,N island (Fig. 4, A to D) revealed the wave- 
like evolution of the “ripples” from the upper 
left to the bottom right of the island. 

A series of images (Fig. 4, E to P) of the 
yellow square window in Fig. 4A revealed 
the alternation of the ripple features between 
bright and dark, or high and low rectification 
current, as a function of the time delay. Two 
sequences of temporal snapshots were com- 
posed (movies S1 and S2). The properties of the 
coherent oscillations were highly sensitive to 
the lateral position of the STM tip (Fig. 2 and 
fig. S8). In rectification imaging at a chosen 
delay, the tip was located over different posi- 
tions of the surface. The oscillation frequency 
shifted spatially because the surface chemical 
environment experienced by the H, TLS varies 
over different positions of the surface. The de- 
coherence time also changed as a response to 
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the local environment sensed by the Hg. As 
a result, the spatially resolved rectification 
imaging at different delay times effectively 
revealed the surface chemical environment 
distribution of the Cu.N island. 

The extreme sensitivity of the Hy TLS co- 
herent oscillation to the applied electric field 
and the underlying surface chemical environ- 
ment heralds the application of the Hz mole- 
cule in the STM cavity for extreme quantum 
sensing. Relative to other quantum sensors 
such as NV centers in diamond, the H, coher- 
ent sensor in the STM cavity provides simulta- 
neous atomic-scale spatial and femtosecond 
temporal resolutions with GHz energy dis- 
crimination. H, molecules have been found to 
be trapped over a variety of surfaces, atoms, 
and molecules (22, 24, 27). THz pump-probe 
measurements with a H, molecule in the STM 
cavity can be used to probe the electrostatic 
field and potential energy surface of the 
sample. The ability to measure and control 
coherent oscillations of the H, TLS in dif- 


ferent environments opens a route for quan- 
tum sensing of a broad range of systems, from 
single atoms to heteroatomic molecules and 
solid surfaces. 
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OPTOELECTRONICS 


Optical absorption of interlayer excitons in 
transition-metal dichalcogenide heterostructures 


Elyse Barré*?, Ouri Karni??, Erfu Liu*, Aidan L. O’Beirne”®, Xueqi Chen®, Henrique B. Ribeiro’, Leo Yu°, 
Bumho Kim®, Kenji Watanabe’, Takashi Taniguchi®, Katayun Barmak®, Chun Hung Lui’, 


Sivan Refaely-Abramson’°, Felipe H. da Jornada”, Tony F. Heinz 


1,35 


Interlayer excitons, electron-hole pairs bound across two monolayer van der Waals semiconductors, offer 
promising electrical tunability and localizability. Because such excitons display weak electron-hole 
overlap, most studies have examined only the lowest-energy excitons through photoluminescence. We 
directly measured the dielectric response of interlayer excitons, which we accessed using their static 
electric dipole moment. We thereby determined an intrinsic radiative lifetime of 0.40 nanoseconds 

for the lowest direct-gap interlayer exciton in a tungsten diselenide/molybdenum diselenide 
heterostructure. We found that differences in electric field and twist angle induced trends in exciton 
transition strengths and energies, which could be related to wave function overlap, moiré confinement, and 
atomic reconstruction. Through comparison with photoluminescence spectra, this study identifies a 
momentum-indirect emission mechanism. Characterization of the absorption is key for applications relying 


on light-matter interactions. 


he dielectric function is one of the key 
material characteristics that links funda- 
mental structure and device functionality. 
It depends nontrivially on the electronic 
band structure and many-body interac- 
tions in a material and is essential for the 
design of photonic and optoelectronic applica- 
tions (J). In two-dimensional semiconducting 
monolayers (1L) of transition-metal dichal- 
cogenides (TMDCs), the dielectric function 
is dominated by resonances associated with 
strongly bound excitons—correlated electron- 
hole pairs—arising from the enhanced Cou- 
lomb interactions in these materials (2). The 
contribution of excitons to the dielectric func- 
tion has typically been characterized by their 
absorption spectra through reflection contrast, 
AR/R (8). In parallel, many excitonic species of 
various spin and momentum configurations 
and multi-excitonic states have been identified 
using photoluminescence (PL) measurements 
(3), which, however, do not permit a determi- 
nation of the material’s dielectric function. 
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In TMDC heterobilayers—stacks of two dif- 
ferent 1L TMDCs—PL has been used to inves- 
tigate interlayer excitons (ILXs), whose electron 
and hole constituents reside in opposite layers 
(4). ILXs have demonstrated strong electrical 
tunability (5, 6) and a rich variety of confined 
states originating from the periodic potential 
imposed by the moiré superlattice (7, 8)—that 
is, the spatially varying atomic configuration 
between the two layers imposed by lattice and 
twist-angle mismatch. Because their electrons 
and holes have little wave function overlap, 
the ILX absorption is easily masked by the 
large intralayer absorption, so a direct deter- 
mination of the ILX dielectric response has 
remained elusive. As a result, many ambigu- 
ities about the nature of ILXs have persisted 
that are important both for fundamental 
understanding and for their future use in op- 
tical systems: their absorption strength, their 
momentum-space configuration, their intrin- 
sic radiative lifetime, and the influence of 
moiré modulation and reconstruction. 

We report a direct measurement of the op- 
tical absorption of ILX states in the prototyp- 
ical TMDC heterobilayer of WSe2/MoSe, using 
electromodulation spectroscopy (/). This en- 
ables us to characterize the ILX contribution 
to the dielectric function of the material. We 
focus on H-stacked (60°) heterobilayers, which 
were previously reported to host a diverse set 
of ILX states (9, 10). The WSe./MoSe, hetero- 
bilayers are encapsulated in hexagonal boron 
nitride (hBN) and equipped with back- and 
top-graphite gates (Fig. 1A). By applying an 
appropriately balanced sinusoidally varying 
bias voltage to the gates, we induce an alternat- 
ing electric field F on the heterobilayer with 
negligible charging (77). Because of the finite 
static electric-dipole moment p of an ILX, its 
energy Ey,;x experiences a modulation pro- 


portional to the applied field F in the sam- 
ple: Eq.x = Eo + pF (5, 6). This leads in turn to 
a modulation of the dielectric function of the 
heterobilayer, which we record through the 
resulting modulation of the reflectivity of mo- 
nochromatic light measured using lock-in 
detection. To obtain a full spectrum, we tune 
the probe wavelength across the desired spec- 
tral range. By comparing the reflectance with 
and without modulation and dividing by the 
electric field amplitude, the fractional change 
in reflectance with electric field Ry = (/R)OR/ 
OF is determined experimentally. For a giv- 
en excitonic resonance, we then have Rx = 
(1/R)\(OR/OE;,x)p, where we determine p by 
collecting spectra for different dc values of 
F. We relate R and its derivative OR/OE{,x to 
the dielectric function, ¢, using a solution to 
Maxwell’s equations, implemented with trans- 
fer matrices, for the stacked experimental 
structure (17). We note that R is not modified 
meaningfully by the ILX resonances because 
they have small oscillator strength and thus 
OR/OEy,x imparts its shape to Ry. To confirm 
the origin of Ry as a field-induced shift in ILX 
resonance, we tested the response to inten- 
tional charge modulation and found no mea- 
surable signal (fig. S2). 

Figure 1D presents the ILX absorption spec- 
trum obtained from R; for a sample with twist 
angle of 60° + 0.2° (17) compared with the 
intralayer absorption spectrum from a con- 
ventional white-light reflection contrast mea- 
surement, AR/R. The corresponding underlying 
measurements of Ry; and AR/R are shown in 
Fig. 1, B and C. These results yield ILX oscil- 
lator strengths that are three to four orders of 
magnitude smaller than those of the intralayer 
resonances (tables S2 and S7). 

In the lower-energy region of Ry, two closely 
spaced features can be seen, separated by 
18 meV. These peaks have previously been 
observed in helicity-resolved and magneto-PL 
spectra (10, 12) and have been assigned to 1s 
spin-antialigned (a,,) and spin-aligned (a;,) 
ILX transitions between the band edges at the 
K points (K — kK), although PL measurements 
can also exhibit momentum-indirect transitions 
(73). Our data confirm the momentum-direct 
assignment, because momentum-indirect ex- 
citons are expected to have a much weaker 
oscillator strength than direct transitions, and 
thus will be weakly visible in absorption spec- 
tra. Unlike in PL measurements, here we can 
quantify the oscillator strengths of the ob- 
served resonances. Surprisingly, the oscillator 
strength of the spin-antialigned peak, a, is 
one-fourth as strong as the spin-aligned a; 
feature. A similar ratio is reproduced in a sec- 
ond H-stacked sample (table S3). This finding 
is in agreement with our theoretical calcula- 
tions (table S8) and contrasts sharply with 
the large oscillator strength difference be- 
tween spin-split excitons in 1L TMDCs (/4). This 


science.org SCIENCE 


RESEARCH | REPORTS 


1.3 1.5 
Energy, E (eV) 


40 


(oe) 
oO 


20 


dielectric, €" 


1.7 
Energy, E (eV) 


1.8 


: 2.0 
Energy, E (eV) 


2.2 


(wu/Aw) Cy 


-30 


-10 0 
Foo (MV/nm) 


10 


1.9 2.1 


fox PU"Zy weet 


Fig. 1. Absorption spectrum and electric-field dependence of a 60° + 0.2° 
aligned sample at 20 K. (A) Diagram of an encapsulated, dual-gated WSe2/MoSe2 
heterostructure and the strategy of using an applied electric field, F, to measure 

the absorption of interlayer excitons through the fractional change in reflectivity with 
electric field Re, which is a normalized version of the modulating signal Isig. (B) Rr 
(with Fac = 3.14 0.3 mV,/nm), shown by magenta dots, and its fit (dashed black line). 
(C) The first derivative of the reflection contrast AR/R versus energy (blue continuous 


associated with intralayer transitions at the K point of MoSe, (WSez). (D) The imaginary 
dielectric function extracted from R- (magenta) and from AR/R (blue). (E) Re as a 
function of Foc. The inferred static dipole moments are p,, = 6.2 + 0.6 eA, Py =5.7 + 
0.5 eA, and py = 2.6 + 0.6 e-A. (F) The increase in summed oscillator strength of art 
and a; as a function of Foc with a fitted linear trend (dashed blue line). Error bars denote 
fitting variance. (G) Left: The out-of-plane component of the computed DFT wave functions 
for the conduction [°(z)] and valence [#"(z)] states at the K point in reciprocal space. 


line) and its fit (black dashed line). Avoqw) and Byocwy are the spin-split excitons 


distinction can be understood as a consequence 
of the mirror symmetry breaking along the 
out-of-plane direction in the heterobilayers (15). 

The oscillator strengths measured by modu- 
lation spectroscopy determine the intrinsic ra- 
diative recombination rates of these ILX states 
(11). The corresponding vacuum radiative life- 
times, t) = 400 + 60 and 105 + 10 ps, are 
shorter than the previously reported emission 
lifetimes, tem, Measured through time-resolved 
PL, which range from ~1 to 500 ns (5, 13, 16). 
The increased emission lifetime reflects the fact 
that the majority of photoexcited excitons lie 
outside the light cone as they relax from the 
initial excited state to the radiative state (17). 
The measured emission time is consequently 
sensitive to the details of the excitation con- 
ditions and relaxation pathways (including 
nonradiative channels). 

Further analyzing the series of resonances 
revealed by modulation spectroscopy, we used 
the dc electric field dependence to explore the 
electron and hole layer localization. Figure 1E 
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displays the evolution of Ry with dc electric 
field Fpc. Peaks a, and a; are found to have 
dipole moments p;, = 6.2 + 0.6 e-A and Pr = 
5.7 + 0.5 e-A, respectively. These values are 
consistent with the picture of electron and hole 
states whose wave functions are localized in 
opposite layers and thus are separated by the 
Mo-W interatomic distance of ~6 A, in agree- 
ment with the density functional theory (DFT) 
predictions described below. In addition to a,, 
and a;;, we measured a third, higher-energy 
peak denoted by ay (Fig. 1D) with a smaller 
electric dipole moment of py = 2.6 + 0.6 e-A. 
There are many possible candidates for high- 
energy ILX states, including Rydberg-like states 
(see table S8 for calculations). However, such 
high-energy ILX states are expected to have 
small oscillator strengths relative to the low- 
energy ILXs. Thus, the increased oscillator 
strength and the reduced dipole moment can 
be attributed to a mixing of such high-energy 
states with the MoSe, A exciton Aj4,, in the 


Right: An illustration of the increase in wave function overlap with Foe (right). 


tons recently reported in some bilayer systems 
(7, 18). As a result of this inter/intralayer 
exciton mixing, Rp detects several features in 
the intralayer exciton range (/7). 

The absorption peaks, a;; and a), in Fig. IE 
become more pronounced under positive Fpc. 
Their oscillator strengths almost double over a 
range AFpc = 60 mV/nm (Fig. 1F). We attribute 
this enhancement to an increase in electron- 
hole wave function overlap with electric field, 
as illustrated in Fig. 1G. This mechanism of 
enhancing oscillator strength was originally 
proposed in (5) to support an experimentally 
observed decrease in t,,, with increasing 
Fpc. Our measurements of fF pc) closely match 
this previously reported trend of 1/[tempc)] 
coc fF pc): 

An important concern in these systems is 
the influence of the moiré pattern on the 
properties of the ILX. We examined this 
issue by investigating the trends in the ILX 
absorption features with twist angle for align- 


fashion of hybridized inter/intralayer exci- 


ment near 60° For the different samples 
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studied, the energies of the spin-aligned a, 
resonance generally increase with twist angle 
(Fig. 2A). To explain the energy shift, we first 
consider the influence of the twist-dependent 
momentum mismatch between the conduc- 
tion and valence band edges, AK, as shown 
schematically in Fig. 2C. The energy of the 
ILX band intersecting the light cone, E(AKg), 
can be calculated using the measured electron, 
hole, and ILX effective masses: m, = 0.877% in 
MoSe, (19), my, = 0.4779 in WSe, (20), and M = 
1.2mp (21). However, this effect alone cannot 
explain the magnitude of the observed energy 
shift. We therefore considered the contribu- 
tion of the moiré potential that spatially con- 
fines the ILX and changes its band dispersion. 
We used a continuum Hamiltonian approach 
in which the potential depth is a fitting pa- 
rameter (77). For a moiré potential well depth 
of 120 meV, we predict a variation in ILX 
transition energy with twist angle that is in 
reasonable agreement with our experimental 


Moiré lattice parameter, ay (nm) 
5 10 20 
+ 


100 
+ 


data. The inferred well depth is twice that 
predicted by first-principles GW plus Bethe- 
Salpeter equation (BSE) calculations (22). Sim- 
ilar discrepancies between the moiré potential 
from first-principles calculations and that in- 
ferred from experiment have been reported 
frequently in the past (7, 23, 24). The po- 
tential V(r) for AO = 56° and 58° is shown in 
Fig. 2, D and E, respectively, and overlaid with 
the corresponding Fyyoire in Fig. 2, F and G. 
Although absorption measurements are more 
robust against the influence of defects than PL 
data, which can be dominated by the lowest- 
energy states, they will still be influenced by 
possible strain. Strain can modify both the band 
energies and the size of the moiré unit cell 
(24)—factors that contribute to the variation 
in experimental data seen in Fig. 2A. 

With respect to the variation of transition 
strength with twist angle, we found, as shown 
in Fig. 2B, that the ILX oscillator strength 
(summed over the a, and a,, transitions) de- 
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Fig. 2. Twist angle dependence and moiré pattern effects. (A) The experimentally measured interlayer 
spin-aligned (a;;) exciton energies (black dots; error bars denote fitting variance) compared with theoretically 
predicted energy shifts. The minimum ILX energy within the moiré, Eynin (dashed green line), is estimated 
to be consistent with Eo,;; at 60° The cyan curve shows the energy offset for the lowest optically allowed 
ILX considering only the twist angle-dependent momentum mismatch between the K valleys of the 
constituent materials, AKg, illustrated in (C). The magenta line shows the energy of the lowest optically 
allowed ILX considering moiré confinement effects from a moiré potential well depth of 120 meV (defined 


by the energy at H? to HM), as illustrated in (D 


to (G). (B) Experimentally measured oscillator strength (black 


dots; error bars denote fitting variance) versus twist angle. The dashed and starred magenta line shows 


the expected change in oscillato 


strength from the relative area of H® to the full moiré unit cell area under 


reconstruction. (C) Diagram showing the origins of AKg, from momentum offset between the band edges. 
(D and E) The real-space moiré potential modulation V(r) for alignments of A@ = 56° and 58° for the potential 
defined by the parameters Vy = 11.76 meV and 6 = 139.1° (11). The moiré unit cell is marked with a brown 
dashed line; a magenta dashed line through the middle marks the trace for (F) and (G). (F and G) Moiré 
potential along a line cut through the moiré unit cell, highlighting the energy of the lowest confined and 


optically active excitonic state (magenta dashed lines). 
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creases with increasing crystallographic mis- 
alignment (i.e., for twist angles farther from 
60°). Because the absorption measurements 
examine direct transitions, we cannot attrib- 
ute this effect simply to an increase in mo- 
mentum mismatch. We must rather invoke 
the effect of the moiré pattern. This occurs 
through two separate mechanisms: (i) The 
layer spacing increases with increasing mis- 
alignment (25), reducing the electron-hole 
wave function overlap and the ILX oscillator 
strength. (ii) The lattice reconstruction is less 
dominant for smaller moiré periods (26). In 
well-aligned H-stacked WSe./MoSes, this re- 
construction favors the H? atomic configura- 
tion (fig. S4), which has the strongest optical 
transitions (22). For less aligned samples, the 
H? region covers a smaller fraction of the in- 
terface, reducing the overall transition strength 
(11). The second mechanism alone can explain 
much of the observed trend in ILX oscillator 
strength, as shown in Fig. 2B. 

Finally, we addressed the long-standing is- 
sue of whether ILX emission for the WSe,/ 
MoSe, system is dominated by momentum- 
direct (K — K) transitions (4, 8, 10) or by 
momentum-indirect (K — A) transitions 
(9, 13, 27). On the theoretical side, we calcu- 
lated the band structure and ILX absorption 
spectrum for the HR lattice arrangement that 
dominates the moiré unit cell for our well- 
aligned sample. Our computed GW band 
structure predicts that the conduction band 
minimum of the aligned heterobilayer lies at 
the A point (Fig. 3A). Correspondingly, the 
lowest excitation energy calculated using the 
GW-BSE formalism (Fig. 3B) is primarily 
composed of the momentum-indirect electron- 
hole transition K — A. Because the K > A 
transition is a second-order process involving 
a phonon, we expect it to be present in the 
emission spectrum but not observable in ab- 
sorption. The predicted static dipole moments 
associated with the momentum-indirect and 
-direct excitons are shown in Fig. 3C; they are 
compared to the experimentally measured ILX 
static dipole moments for a well-aligned het- 
erobilayer in Fig. 3D, whose zero-field PL and 
absorption are shown in Fig. 3E. We found 
good agreement between calculation and ex- 
periment for the energies and the ratio of di- 
pole moments between the absorption and PL 
peaks, thus linking the absorption to K > K 
transitions and the PL to the K — A tran- 
sition. Further supporting this identification 
were measurements of the dependence of the 
ILX PL on excitation power and temperature 
(Fig. 3, F and G). These studies revealed the 
emergence of a higher-energy emission peak, 
L2, that matches the energy of the ILX absorpt- 
ion feature, a), at elevated temperatures and 
high excitation powers. A thermal-activation 
model (Fig. 3G, inset) allows us to infer an 
energy difference between indirect and direct 
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Fig. 3. Origin of ILX photoluminescence. (A) Calculated GW band structure of the aligned (H!) heterobilayer, 
with layer hybridization shown by color. (B) Calculated GW-BSE exciton resonances with momentum, spin, and 
Rydberg assignments. The opacity of the magenta lines (K — K) indicates relative oscillator strength (table S8). 
(C) Theoretically predicted energies under Fc for the K > A transition (Ex_..9 = 1.35 eV, pyx_.a = 2.5e-A), shown in 
teal, and two lowest-energy, direct K — K transitions (Ex_.x,.9 = 1.396 and 1.413 eV, both with px_« = 4.5 e-A), in 
magenta. (D) Experimental energy shifts for emission (E,, = 1.340 eV, p,; = 3.48 + 0.02 e-A), in teal, and absorption 
(E, = 1359 and 1.377 eV with p, = 6.2 + 0.7 and 5.7 + 0.6 e-A, respectively), in magenta, under Foc plotted over the 
PL heatmap (730 nm using 5 pW/um?). Note that the dipole ratio of absorption peaks to emission peaks (0.57) 
matches that of theoretical K > K to K — A (0.55). (E) Zero-field PL (teal curve) with the dielectric function as 


measured by Re (magenta) from (D). (F) PL for increasi 


ng excitation power. A right-hand shoulder, L2, 18 meV 


higher than the main peak L1, is apparent above 10 pW/m*. (G) The high-power PL emission with increasing 
temperature. The teal and pink circles indicate the energies and relative magnitudes of the Ll (K — A) and the L2 


(K — K, t{) peaks. The inset shows the relative strength 
assumes a radiative rate difference of y,2/y,, = 200 + 


S as a function of inverse temperature; the black-dashed fit 
O and an energy difference of Ej2 — Ex_,, = 10 + 2 meV, 


implying that a phonon of 8 meV is involved in the emission from K — A. 


ILX transitions compatible with the observed 
spectral shift (17). The broad shoulder in the 
PL emission at energies below the L1 feature is 
attributed to defect states or locally strained 
regions, as it saturates at low powers and dis- 
appears at high temperatures. Overall, our results 
indicate that momentum-indirect transitions do- 
minate the ILX emission in a well-aligned WSe,/ 
MoSe, heterostructure, but with an energy only 
slightly below that of the momentum-direct tran- 
sition seen in our absorption measurements. 
Because the K — A and K — K transitions 
are so close in energy, their relative energies 
and dominance in PL measurements vary for 
samples with different strain and twist angle, 
as suggested by recent work (24). This situa- 
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tion is illustrated in the PL and absorption of a 
second, strained and misaligned sample (fig. 
$5). The similarity in energy of the indirect 
and direct ILX transitions also explains the 
seemingly contradictory claims of K — K ex- 
citons (4, 8, 10) and K — A excitons (9, 13, 27) 
in the literature. Our measurements allow di- 
rect comparison between the K — K ILX di- 
pole moments extracted from the absorption 
spectrum and the ILX PL, thus avoiding the 
experimental uncertainties encountered when 
measuring the absolute values of the PL dipole 
moment [e.g., arising from the hBN dielectric 
constant (28, 29)]. 

Apart from providing a comparison for PL 
measurements, the electromodulation tech- 


nique introduced here allows the direct determi- 
nation of the ILX contribution to the dielectric 
function. The ILX radiative lifetimes thereby 
established from the measured oscillator 
strengths are free from the influence of non- 
radiative processes, while the inferred transi- 
tion energies are not affected by defects and 
localized strain that can dominate the emis- 
sion spectra. The robust values for the ILX 
radiative lifetimes and energies have allowed 
us to explore the role of twist angle and moiré 
potential in the WSe,/MoSe, system. Aside 
from offering fundamental understanding, this 
knowledge is essential for the potential appli- 
cation of heterobilayer systems in optoelectronic 
devices that make use of the ready tunability 
and long lifetime of the ILX. The quantitative 
characterization of the ILX dielectric response, 
in combination with the discovery of ILXs at 
longer wavelengths (6), supports the design of 
systems that integrate these materials into 
state-of-the-art photonic platforms. 
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ORGANIC CHEMISTRY 


Controlling Ni redox states by dynamic ligand 
exchange for electroreductive Csp3-Csp2 coupling 


Taylor B. Hamby, Matthew J. LaLama, Christo S. Sevov* 


Cross-electrophile coupling (XEC) reactions of aryl and alkyl electrophiles are appealing but 
limited to specific substrate classes. Here, we report electroreductive XEC of previously 
incompatible electrophiles including tertiary alkyl bromides, aryl chlorides, and aryl/vinyl 
triflates. Reactions rely on the merger of an electrochemically active complex that 

selectively reacts with alkyl bromides through le” processes and an electrochemically inactive 
Ni°(phosphine) complex that selectively reacts with aryl electrophiles through 2e~ processes. 
Accessing Ni°(phosphine) intermediates is critical to the strategy but is often challenging. 

We uncover a previously unknown pathway for electrochemically generating these key complexes 
at mild potentials through a choreographed series of ligand-exchange reactions. The mild 
methodology is applied to the alkylation of a range of substrates including natural products 


and pharmaceuticals. 


dvances in Ni-based catalysis have 

enabled new C-C bond-forming meth- 

odologies that directly couple two C 

electrophiles in a net-reductive process 

without the need to preform a nucleo- 
philic coupling partner (1-4). The ubiquity of 
simple organohalides or other C electrophiles 
has caused Ni-catalyzed cross-electrophile 
coupling (XEC) to become one of the most 
common strategies for C-C coupling in indus- 
try, particularly to form C(sp*)-C(sp”) bonds 
(5-11). Although chemical (3), photoredox (12), 
and electrochemical (73) approaches have been 
developed to deliver the reducing equivalents 
needed for XEC, all three reductive strategies 
are limited to couplings of similar classes 
of alkyl and aryl halides. An example of this 
substrate-specific reactivity is highlighted in 
Fig. 1A from our own work on electrochemical 
XEC (eXEC), in which coupling reactions of 
aryl bromides and primary (1°) or secondary 
(2°) alkyl bromides are often quantitative, 
whereas those of tertiary (3°) alkyl bromides 
fail to form any cross-products (7/4). This sub- 
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stantial difference in yield is not unique to 
eXEC because XEC reactions of 3° alkyl bro- 
mides are rare (15) and the few known exam- 
ples require aryl iodides or activated (e-deficient) 
aryl bromides as the coupling partner (16-18). 
More broadly, a survey of organohalides that 
are successfully coupled under any of the three 
reductive approaches reveals a narrow chem- 
ical space of electrophiles that can be paired. 
XEC of aryl iodide/bromide + 1°/2° alkyl bro- 
mide (Fig. 1B, bottom left, dark blue) can be 
reliably performed in high yield with a wide 
range of catalysts. By contrast, reactions of 
substrate combinations that deviate from this 
constraint, such as those of 3° alkyl bromides 
or e-rich aryl bromides, are challenging (Fig. 
1B, light red and light blue). In addition to the 
underdeveloped couplings at the boundary of 
known XEC reactions, more than half of the 
combinations in Fig. 1B lie beyond the current 
chemical space for XEC. Namely, couplings 
of widely available electrophiles such as aryl 
chlorides or triflates are currently unknown 
with any alkyl bromide. This work circum- 
vents the limitations of alkyl-aryl XEC. The 
developed methodology enables couplings of 
a wide range of unknown or low-yielding com- 
binations of electrophiles (summarized in 
Fig. 1B, red). 


Conceptually, cross-product formation in XEC 
relies on the sequential activation of each elec- 
trophile at a low-valent metal complex, most 
often a Ni complex of pyridyl-based ligands 
(e.g., 2,2’-bipyridine) (3, 19). Aryl electrophiles 
are activated by 2e oxidative addition at Ni, 
and alkyl electrophiles react through le’ pro- 
cesses to form alkyl radicals (20, 21). Although 
it initially seemed that activation of each elec- 
trophile occurred at a distinct oxidation state 
of Ni (Ni° or Ni), a growing body of evidence 
from electrochemical (22), photoredox (23), 
and chemical (24) studies suggests that only 
Ni(pyridyl) intermediates are accessible under 
reductive conditions. On the basis of these re- 
ports, we hypothesized that XEC is restricted 
to electrophiles that react with comparable 
rates at Ni‘, whereas electrophiles that are 
exceedingly reactive (3° alkyl halides) or un- 
reactive (Ar-Cl/OTf) at Ni! are incompatible 
coupling partners (Fig. 1C) (20, 25, 26). This 
competition between activation of alkyl and 
aryl electrophiles is circumvented in conven- 
tional Suzuki or Negishi methodologies that 
preactivate aryl halides in separate synthetic 
sequences as organoboron or organozinc re- 
agents, respectively (27-30). However, even 
these methodologies remain underdeveloped 
for reactions of 3° alkyl bromides. Alterna- 
tively, alkyl-aryl Suzuki couplings with pre- 
formed 3° alkyl boron reagents suffer from 
similar limitations as XEC reactions, in which 
only e-deficient aryl electrophiles that readily 
react with Ni! are compatible (31, 32). 

One potential solution to the limitations 
pervading both XEC and conventional cross- 
coupling reactions is to access Ni° complexes 
that could preferentially undergo 2e reac- 
tions with aryl electrophiles over le” reactions 
with alkyl bromides. However, electrochem- 
ically generating Ni°(pyridyl) complexes while 
bypassing the Ni! state that rapidly reacts with 
3° alkyl bromides is challenging. Specifically, 
(pyridyl)Ni" complexes often exhibit discrete 
le’ redox couples, rather than 2e redox 
couples, and require reduction to Ni before a 
second reduction forms Ni° at a more negative 
potential (Fig. 1C) (33, 34). Even when Ni? is 
formed, the complex undergoes rapid com- 
proportionation with remaining Ni” in solution 
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Fig. 1. Background, limitations, and design for C(sp2)-C(sp*) XEC. (A) Example 
of substrate-controlled limitations in XEC. DMA, dimethylacetamide; r.t., room 
temperature; BPI, bis(2-pyridylimino)isoindoline. (B) Reported outcomes of XEC 
reactions of varying classes of alkyl and aryl electrophiles. Blue indicates high- 
yielding/reliable combinations; red, low-yielding/unknown combinations. 


to form the undesired Ni! intermediate 
(22, 35, 36). By contrast, Ni(phosphine) com- 
plexes are known to react through Ni?” pro- 
cesses with a wide range of aryl electrophiles, 
including aryl chlorides and ethers (37-40). 
Schoenebeck’s group recently contrasted the 
reactivities of phosphine- versus bipyridine- 
ligated Ni complexes for C-S coupling reac- 
tions, noting that Ni°(phosphine) complexes 
are accessible and catalyze reactions of aryl 
chlorides. Conversely, reactions catalyzed by 
complexes of pyridyl analogs react through 
the Ni! state and are limited to couplings of 
aryl iodides or bromides (41). Despite the pre- 
valence of phosphine-based complexes in Ni- 
catalyzed Suzuki- and Negishi-type catalysis, 
they are rarely used in electrosynthesis or even 
photoredox catalysis (Fig. 1C, right) (13, 42, 43). 
Electroreduction of neutral Ni(phosphine) 
complexes in polar solvents can be challenging 
(see mechanistic investigation below), necessitat- 
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ing stabilizers (e.g., hexamethylphosphoramide) 
or redox promoters (44, 45). Moreover, the rare 
examples of XEC catalyzed by phosphine-ligated 
complexes require Grignard reagents as reduc- 
tants (46), which further highlights the chal- 
lenge of reductively activating non-pyridyl Ni 
complexes. We viewed the poor electrochemical 
activity of Ni(phosphine) complexes under 
certain conditions as an opportunity to evade 
le electrochemical events at Ni and possibly 
promote a Ni?" manifold that preferentially 
activates aryl over alkyl electrophiles. Further- 
more, an electrochemically active (pyridyl)Ni 
complex would generate alkyl radicals through 
complementary le reactions upon electro- 
reduction. Activation of one electrophile is 
thereby decoupled from activation of the other 
(Fig. 1D). 

Our initial studies sought to establish the 
feasibility of a dual-catalyst approach by tar- 
geting XEC reactions of 3° alkyl bromides. 


SNiM(PRa)2 <<— Ni%(PRa)p 


electrochemically-inactive 
Ar-X activation (via 2e> 


Ar-X 


(C) Qualitative energy diagram illustrating the reductive accessibility of Ni! or Ni° 
complexes and their relative reactivities with various aryl or alkyl electrophiles. 
Reported F1/2 values (14) are for the electrocatalyst in (A) and referenced to 
ferrocene, Fc/Fc*. (D) Proposed strategy for XEC that decouples substrate 
activation to catalysts with dedicated le or 2e” reactivity. 


Pseudo-stoichiometric reactions were per- 
formed at high Ni loadings (80 mol%) in the 
one-pot, two-step sequence illustrated in Fig. 2. 
First, Ni(COD),. and a phosphine were com- 
bined with a mixture of 4-butylbromobenzene 
and tert-butyl bromide with the aim of selec- 
tively forming the Ni" (aryl) intermediate. The 
mixture was then electrolyzed in the presence 
of (bpp)NiBr, (1, bpp = 2,6-bispyrazolylpyridine), 
which was identified as an electrocatalyst 
that rapidly reacts with 3° alkyl bromides 
upon reduction (see the supplementary mate- 
rials, figs. S6 and S11). Yields <30% from this 
assay would indicate only stoichiometric reac- 
tivity, and those >30% would indicate turn- 
over of the Ni complex. Although reactions 
performed with most of the tested phosphines 
formed the target product in yields <30%, 
promising yields from reactions with PHOX 
and Quinap led us to evaluate ligands with a 
similar architecture. In particular, reactions 
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with the isopropyl analog of quinazolinap 
(iPrQ) generated products in 61% yield, in- 
dicating that catalytic turnover was possible. 

The combination of phosphine iPrQ and 
radical generator 1 was further developed for 


catalytic eXEC, as summarized in Table 1. Re- 
actions were performed under constant-current 
electrolysis at room temperature with a Ni- 
foam cathode and a Zn anode in DMF/KPF¢ as 
electrolyte. We discovered that reactions per- 


100 mM Ar-Br then ? 
100 mM ‘Bu-Br P, Ar 6 mM (bpp)NiBr> (1) 
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P(o-Tol)s 12% 
P(‘Bu)s 21% 
P(OPh); 0% 


CyJohnPhos 
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PPhz ‘Bu 33% 
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Fig. 2. Identification of catalyst combinations for dual XEC. Evaluation of Ni-phosphine combinations 
paired with electrocatalyst 1 for XEC. Calibrated gas chromatography (GC) yields based on ‘BuBr are 
reported. DMF, dimethylformamide COD, cyclooctadiene. 


Table 1. Development of catalytic reaction conditions. 


10 mol% (bppyMnCi, 
10 mol% NiCl,*dme/'PrQ 


aglot t ——_ 2 — Mh, Nx 


100 mM KPF,, DMF, rt. 


200 mM 


2.5 Fimol, 3 mACCE 


Entry Deviation from standard conditions 


il Standard conditions 


Ni(-V/Zn(+), undivided cell 5 5-iso 
%conv ArBr %yield5 %yield 5-iso 
86 1S 0 


Calibrated GC yields against an internal standard are reported. CCE, constant current electrolysis. 
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formed with the Ni complex of bpp (1) were 
high yielding for the coupling of an electron- 
rich aryl bromide and tert-butyl bromide to 
form product 5 but also formed a small yet 
problematic quantity of the inseparable by- 
product 5-iso (entry 2). Such isomeric by- 
products are common in the rare examples of 
XEC reactions of 3° alkyl electrophiles after 
alkyl isomerization at Ni through f-hydride 
elimination and reinsertion to form a stable 
primary alkyl-Ni complex (15). By contrast, 
reactions performed with a combination of 
(bpp)MnCl,, NiCl,-dme, and iPrQ resulted 
in the exclusive formation of product 5 in 
75% yield (entry 1). Cyclic voltammetry (CV) 
studies revealed that reduced (bpp)MnCl, 
does not react with alkyl bromides and 
that Mn is readily displaced by Ni” to form 
complex 1 in situ (see the supplementary 
materials, figs. S4, $5, and S18). Although 
the Ni analog 1 is responsible for alkyl rad- 
ical formation upon electroreduction, the 
low concentration of remaining (bpp)MnCl, 
may serve as an additional source of bpp 
ligand to promote the formation of key 
catalytic intermediates that mediate C-C 
coupling of alkyl radicals without isomer- 
ization (see below). 

Other redox-active complexes that could ac- 
tivate 3° alkyl bromides were similarly evaluated, 
but reactions formed 5 in low yields and with 
poor selectivity over 5-iso (entries 3 and 4). 
Entries 5 to 8 summarize results from reac- 
tions performed at varying currents or con- 
stant potentials at the observed cell voltage of 
the standard conditions (Eanode-cathode = 0.4 to 
0.6 V). Control experiments confirmed that Ni, 
(bpp)MnCl,, and phosphine are all necessary 
for product formation, and the omission of 
any one component resulted in only trace con- 
version of the aryl bromide (entries 9 to 11). 
However, electrolysis is not essential to the 
reaction. Reactions performed with a Zn anode 
but without an applied potential formed 5 in 
17% yield (entry 12), and higher yields of 60% 
could be obtained from reactions with an ex- 
cess of activated Zn powder after 24 hours 
(entry 13). Nonetheless, these reactions formed 
substantial quantities of 5-iso, which high- 
lights the importance of electrochemically con- 
trolling the rate of catalyst activation through 
applied current. Finally, reactions were highest 
yielding when performed with an equimolar 
loading of iPrQ to Ni (entries 14 and 15) and a 
slight excess of aryl bromide (1.5 equivalents). 
Reactions conducted with a 1:1 ratio of aryl to 
alkyl electrophile resulted in yields of only 57% 
(entry 16). This low yield stems from the com- 
plete consumption of the aryl bromide rather 
than the 3° alkyl bromide. The relative reac- 
tivity of the electrophiles under these condi- 
tions contrasts conventional XEC reactions, in 
which the alkyl halide is preferentially con- 
sumed over the ary] halide. 
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Fig. 3. Mechanistic investigation. (A) Conditions for electrolysis of 1 in the 
presence of iPrQ to form Ni°(iPrQ), (left). Subsequent reactions of isolated 2 
with an alkyl or aryl electrophile to form the aryl complex 3 exclusively (right). 
(B) CVs of 1 (10 mM) with and without iPrQ (10 mM). Conditions: 0.1 M 
KPF¢/DMF, glassy C WE, Pt CE, 100 mV/s. (C) Spectroelectrochemical 


We next investigated the mechanism of the 
reaction (Fig. 3) before evaluating the full 
scope of the methodology because it was un- 
clear how aryl activation could occur beyond 
the stoichiometric approach outlined in Fig. 2. 
Control experiments and CV studies revealed 
that (bpp)NiBr, 1 is reduced at a mild poten- 
tials (Ey. = -14 V versus Fe/Fc"; Fig. 3B, black 
trace) compared with other XEC electrocata- 
lysts (47), but the resulting complex was only 
reactive toward alkyl bromides (see the sup- 
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plementary materials, fig. S6). By contrast, 
aryl bromides are readily activated by the 
combination of iPrQ and a Ni® precursor, but 
such low-valent phosphine complexes are not 
accessible by direct electroreduction. As dem- 
onstrated by the blue trace in Fig. 3B, no sig- 
nificant redox event was detected above -2 V 
from CVs of iPrQ and a Ni" salt, highlighting 
the electrochemical inactivity of this metal- 
ligand combination under the reaction con- 
ditions. However, we noted an unusual effect 
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analysis from CVs in (B). Only four points from the CV are plotted for clarity 
along with the UV-vis spectrum of 2. (D) Conversion of 1 to 2 during bulk 
electrolysis as monitored by *!P NMR spectroscopy. (E) Electrolysis reactions 
of isolated Ni(aryl) intermediates 3 and 4 with tert-butyl bromide. 

(F) Proposed mechanism. 


of added iPrQ on the electroreduction of 
complex 1. CVs of this mixture exhibited the 
same onset potential for reduction as 1 alone, 
but the amplitude of the reductive current 
nearly doubled (red versus black traces). This 
result suggests that 2e’, rather than le , are 
transferred at the reduction potential of 1 when 
phosphine is added. We performed spectro- 
electrochemical analysis to gain insight into 
the intermediates formed during reduction. 
As illustrated in Fig. 3C, the ultraviolet-visible 
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(UV-vis) spectra acquired at points pl to p& 
during the CV scan revealed the growth of an 
absorbance at 370 nm. The UV-vis spectrum 
acquired at p4 almost perfectly matched that 
of the Ni°(iPrQ) bisphosphine (2) that we 


isolated and characterized from a reaction of 
Ni(COD), and iPrQ. 

Surprised that a Ni°(phosphine) complex 
might be generated at such mild potentials, we 
conducted bulk electrolysis of complex 1 in 


the presence of iPrQ and analyzed solution 
aliquots by *’P nuclear magnetic resonance 
(NMR) spectroscopy throughout the reaction 
(Fig. 3D). As a reference, free iPrQ exhibited a 
31P resonance at -14 ppm, whereas the ligated 
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Fig. 4. Reaction scope. Isolated yields from XEC reactions are shown, organized by C(sp’) electrophile (Br, Cl, and OTf). Conditions: 200 mM alkyl bromide, 300 to 
400 mM aryl electrophile, 2.5 ml solution, reaction temperature ranging from room temperature to 60°C, reaction time ranging from 12 to 18 hours. See the 
supplementary materials for specific reaction conditions. *Calibrated GC yield. PNMR yield. 
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complex 2 exhibited a broad resonance at 
38 ppm (spectra 7 and 72, respectively). Under 
the electrochemical conditions, the added 
iPrQ remained uncoordinated, indicating 
that a bpp-ligated Ni" is more stable than a 
iPrQ-ligated Ni” (spectrum iii). However, 
spectra acquired after reduction by le and 
2e equivalents relative to 1 revealed a con- 
version of free iPrQ to complex 2 (spectra iv 
and v). These data provide further support 
that the Ni°(phosphine) complex is formed at 
mild potentials and that it persists in the bulk 
solution without undergoing comproportiona- 
tion with remaining Ni” complexes to form 
Ni’. Most importantly, stoichiometric re- 
actions of 2 with a combination of para- 
fluorobromobenzene and a 3° alkyl bromide 
revealed exclusive activation of the aryl bro- 
mide (>95% conversion versus Ni), whereas 
none of the 3° alkyl bromide reacted (Fig. 3A, 
right). The product from this reaction was 
characterized as 3 by °F and *'P NMR spectro- 
scopy (48). These studies underscore that the 
accessibility and persistence of a Ni° interme- 
diate is a critical feature that enables prefer- 
ential activation of aryl over alkyl electrophiles. 

Finally, we investigated the reactivity of 
Ni"(aryl) 3 toward radical capture and C-C 
coupling with 3° alkyl bromides. Electro- 
reduction of a solution containing 3, tert-butyl 
bromide, and 1 as the radical generator with 
le’ equivalent (versus 3) formed only trace 
quantities of coupled product (Fig. 3E). This 
unexpected result indicates that the phosphine 
complex 3 is incompetent toward radical cap- 
ture and product formation. We realized that 
electroreductive formation of the phosphine 
complexes in catalytic reactions releases one 
equivalent of the bpp ligand, whereas the stoi- 
chiometric studies from 3 bypass those steps 
and lack any bpp. Therefore, we added one 
equivalent of bpp to complex 3 and observed 
the immediate displacement of iPrQ in ?'P 
NMR spectra along with a new °F resonance 
at -123 ppm. The resulting species was iso- 
lated in 68% yield and characterized as the 
[(bpp)Ni" (aryl) |Br complex 4 by x-ray diffraction 
(refer to fig. S22 for ORTEP). In contrast to C-C 
coupling attempts from 3, the analogous ex- 
periment from 4 formed the coupled product 
in 85% yield. Phosphine-bpp exchange to form 
4 similarly occured when (bpp)MnCl, was ad- 
ded to 3. The weakly bound Mn-bpp complex 
likely serves as a reservoir for bpp to promote 
the second ligand-exchange reaction before 
radical capture (see the supplementary mate- 
rials, figs. S18 and S19). 

Collectively, these data are summarized as 
the proposed catalytic cycle in Fig. 3F. The 
reaction is initiated by electroreduction of 
(bpp)NiBr, (1), followed by rapid ligand ex- 
change with concomitant reduction to form 
a stable Ni°(phosphine) (2). This phosphine 
complex is electrochemically inactive at the 


SCIENCE science.org 


operating potentials (Eeathoae = -1.5 V) and 
does not comproportionate to form Ni’ inter- 
mediates as is common for Ni(pyridyl) com- 
plexes. Rather, 2 undergoes rapid 2e° oxidative 
addition with aryl electrophiles to form 3 even 
in the presence of highly activated alkyl bro- 
mides. The bpp ligand that was displaced 
upon electroreductive activation or that was 
weakly bound to Mn" subsequently recoordi- 
nates the aryl complex 3 in a second ligand 
exchange reaction to form 4. This ligand- 
rebound event is a critical step because pro- 
duct formation only occurs from the bpp-ligated 
aryl complex 4. Overall, these studies reveal a 
complex series of ligand exchange reactions 
that facilitate electrochemical generation of 
highly reactive Ni°(phosphine) complexes, ulti- 
mately enabling XEC of 3° alkyl bromides. 
Through these exchange reactions, the XEC 
reaction is decoupled into one regime in which 
electrochemically active complexes undergo 
le’ reactions with alkyl electrophiles (bpp 
complexes 1 and 4; Fig. 3F, red) and a second 
regime in which electrochemically inactive 
complexes preferentially undergo 2e  reac- 
tions with aryl electrophiles (phosphine com- 
plexes 2 and 3; Fig. 3F, blue). 

These mechanistic insights suggested that 
XEC could in principle be performed with any 
aryl electrophile prone to activation by a Ni° 
(phosphine). Therefore, we targeted reactions 
of widely available, but previously incompa- 
tible, electrophiles: 3° alkyl bromides, aryl chlo- 
rides, and aryl/vinyl triflates (Fig. 4). Products 
from reactions of tert-butyl bromide and a 
range of e-rich and e-deficient aryl bromides 
at room temperature were formed in high 
analytical yield (generally 70 to 85%) and were 
isolated in good yields as single constitutional 
isomers (5 to 11). The mild conditions of the 
electrocatalytic reaction are critically impor- 
tant because the 3° electrophiles are prone 
to elimination at elevated temperatures or 
protodehalogenation under highly reducing 
conditions. Reactions of more complex alkyl 
electrophiles that are susceptible to isomer- 
ization formed the desired products in good 
yields (13 to 16) with selectivities over isomers 
that exceeded 30:1. Additionally, alkyl bromides 
containing strained rings underwent XEC in 
high yield to form cyclobutanes or cyclopro- 
panes with all-C quaternary centers (17 to 23). 
The mild methodology was also compatible with 
unprotected indoles (24), pyridyl-substituted 
acetamides (26), vinyl bromides (27), and sub- 
stituted tetrahydropyrans (28). Overall, we 
found coupling reactions of 3° alkyl bromides 
and aryl bromides to be robust and highly 
reliable. 

We next targeted XEC reactions of aryl chlo- 
rides. Products from reactions of 3° alkyl bro- 
mides and aryl chlorides were all isolated in 
good yields (29 to 31, 20). We observed pa- 
rallel conversion of both the aryl chloride and 


alkyl bromide throughout the reaction, rather 
than preferential consumption of just the alkyl 
bromide. Because XEC reactions of aryl chlo- 
rides are extremely rare and limited to cou- 
plings of unreactive alkyl electrophiles (49, 50), 
we also included coupling reactions with 2° 
alkyl bromides (32 to 38). A few noteworthy 
reactions from this combination include the 
chemoselective coupling at chloride to form 
the boryl-substituted product (34) in high yield 
and the modification of the chloroaryl fragment 
of indomethacin to install a BOC-protected 
piperidine (38). 

Finally, we extended this methodology to 
reactions of aryl and vinyl triflates. Although 
reactions of aryl triflates formed products in 
high yield (39 and 40), we primarily focused 
our efforts toward developing reactions with 
vinyl triflates. These electrophilic substrates 
are attractive coupling partners because they 
can be prepared in a single step from a wide 
range of naturally occurring or pharmaceu- 
tically relevant ketones and aldehydes. As an 
example, the vinyl triflate of the zilpaterol pre- 
cursor was prepared in a single step and di- 
rectly coupled with an alkyl bromide to form 
the piperidyl-modified urea 41. Other vinyl 
triflates derived from cyclic ketones under- 
went coupling with a range of alkyl bromides 
(42 to 44), including 3° analogs (45 and 48). 
Reactions with vinyl triflates derived from 
acyclic ketones (46) and aldehydes (47) en- 
abled the direct synthesis of highly substituted 
alkenes and dienes. These olefinic products 
could be subsequently hydrogenated to form 
products of a formal alkyl-alkyl coupling re- 
action (see the supplementary materials, fig. 
$20). Reactions with vinyl triflates of highly 
functionalized natural products could also 
be performed to generate C-C coupled prod- 
ucts from a range of alkyl bromides (48 to 51). 

Overall, the generality of this methodology 
highlights how an unusual mechanism involv- 
ing dynamic ligand exchange can be used to 
control the redox states of Ni and ultimately 
expand C-C bond-forming methodologies as 
a whole. XEC reactions of organohalides are 
thus no longer limited to the canonical cou- 
plings of 1°/2° alkyl bromides and aryl iodides/ 
bromides. Beyond the advances to XEC, these 
findings represent a fundamental solution to 
reductively accessing highly reactive Ni° com- 
plexes in preference to the Ni! intermediates 
that currently dominate Ni-redox catalysis. 
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Organometallic-functionalized interfaces for highly 
efficient inverted perovskite solar cells 


Zhen Li'+, Bo Li'+, Xin Wu'+, Stephanie A. Sheppard’, Shoufeng Zhang’, Danpeng Gao!, 


Nicholas J. Long?*, Zonglong Zhu?3* 


Further enhancing the performance and stability of inverted perovskite solar cells (PSCs) is crucial for their 
commercialization. We report that the functionalization of multication and halide perovskite interfaces with an 
organometallic compound, ferrocenyl-bis-thiophene-2-carboxylate (FcTc2), simultaneously enhanced the 
efficiency and stability of inverted PSCs. The resultant devices achieved a power conversion efficiency of 25.0% 
and maintained >98% of their initial efficiency after continuously operating at the maximum power point 

for 1500 hours under simulated AM1.5 illumination. Moreover, the FcTc2-functionalized devices passed the 
international standards for mature photovoltaics (IEC61215:2016) and have exhibited high stability under the 


damp heat test (85°C and 85% relative humidity). 


ower conversion efficiencies (PCEs) as 

high as 25.7% have been realized for 

single-junction conventional n-i-p perov- 

skite solar cells (PSCs), approaching the 

PCEs of state-of-the-art crystalline-silicon 
solar cells (/-3). Inverted (p-i-n structure) de- 
vices, with a deposition sequence of hole- 
transport (p), intrinsic (i), and electron-transport 
(n) layers, have exhibited greater stabilities 
and lifetimes because of their undoped hole- 
transporting layers (HTLs) and the forma- 
tion of highly crystalline perovskite films (4-0). 
Recently, strategies for managing defects and 
ion migration in inverted PSCs have further 
contributed to device stability. For example, 
Chen et al. have used solid-state carbohy- 
drazide to modulate the crystallization of 
perovskites and fabricate a minimodule that 
maintained 85% of its initial PCE under 1-sun 
illumination (where 1 sun is defined as the 
standard illumination at AM1.5, or 1 KW m”) 
for 1000 hours (77), and Bai et al. have applied 
ionic liquids within perovskite films by sup- 
pressing ion migration and have fabricated 
PSCs that exhibited only ~5% degradation of 
device performance under continuous simu- 
lated AM1.5 irradiation for >1800 hours (72). 
However, the currently reported operational 
lifetime of inverted PSCs under international 
standards still lags far behind the 25-year life- 
time guarantee for commercialized silicon 
solar cells (2, 13). Moreover, although syner- 
gistic tailoring of grains, defects, and inter- 
faces can boost efficiencies to 23.3%, there is 
still a lack of strategy that could result in ef- 
ficiencies of up to 25% to rival n-i-p PSCs and 
silicon solar cells (14-16). 
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Here, we report highly efficient and stable 
inverted PSCs through interface functional- 
ization with an organometallic compound, 
ferrocenyl-bis-thiophene-2-carboxylate (FcTc»), 
that not only provided strong chemical Pb-O 
binding to reduce surface trap states but also 
accelerated interfacial electron transfer through 
the electron-rich and electron-delocalizable 
ferrocene units. The improved interface bind- 
ing and carrier transport properties of FcTc, 
contribute to superior device stability. The 
resulting devices achieved a PCE of 25.0% (with 
certified 24.3%) and maintained >98% of their 
initial efficiency in long-term operational stab- 
ility tests with continuous 1-sun illumination 
for >1500 hours. Moreover, the FcTc,-treated 
devices exhibited excellent stability under damp 
heat tests [85°C and 85% relative humidity 
(RH)], which have passed the international 
standards for silicon solar cells. 

Interfaces were functionalized with FcTc. 
by using the inherent carboxylate and thio- 
phene groups around the central ferrocene 
motif (see Fig. 1A for chemical structure). The 
ultraviolet-visible (UV-vis) absorption spectra 
of FcTc, in solution and as a thin film are 
shown in figs. S1 and S2, respectively. The 
device configuration is depicted in Fig. 1A, in 
which poly(triaryl amine) (PTAA) was the HTL 
and Cg was the electron transfer layer (ETL). 
Figure S3 shows the cross-sectional scanning 
electron microscopy (SEM) image of a typical 
device with a perovskite composition of Cso,o5 
(FApgsMAo02)o.9sPbUo.9sBro.02)3 (where MA and 
FA denote methylammonium and formamidi- 
nium, respectively) and FcTc, surface treatment. 
Time-of-flight secondary ion mass spectrometry 
(TOF-SIMS) in Fig. 1B demonstrates that most 
of the FcTc, was located on the surface of the 
perovskite film. We used x-ray diffraction 
(XRD), top-view SEM, and UV-vis absorp- 
tion spectroscopy measurements to study the 
crystallinity, morphology, and optical absorption 
of perovskite films with and without FcTc, treat- 
ment (figs. S4 to S6). All of the samples showed 
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Fig. 1. Metal halide perovskite A 
surface functionalized by 

FeTc2. (A) Schematic illustra- 

tion of inverted PSC based 

on FcTc2 as the interface 
functionalization material. BCP, 
bathocuproine; ITO, indium 

tin oxide. (B) TOF-SIMS 
characterization of the PSC. 

(C to E) XPS characterization 

of Pb element (C), | element 

(D), and N element (E) on 

the perovskite film with and 

without FcTco. a.u., arbitrary Cc 
units. (F to H) Molecular 

dynamics simulations of the 
interaction between perovskite 

and FcTcp. L, bond length. 


Intensity (a.u.) 


Binding energy (eV) 


— 


no obvious changes, which indicates that FcTc. 
does not affect the crystallization and light- 
harvesting properties of perovskite films. 

The interaction of FcTc, with the perovskite 
was studied by comparing the x-ray photo- 
electron spectroscopy (XPS) measurements 
on the pristine and FcTc,-treated perovskite 
films (Fig. 1, C to E). The binding energies 
corresponding to the Pb 4f, I 3d, and N 1s core 
levels of the FcTc,-treated perovskite films all 
shifted marginally to higher values compared 
with the control sample, suggesting enhanced 
binding of both anions and cations on the 
perovskite surface, which could be caused by 
strong binding between surface ions and 
FeTcs (17). 

Density functional theory (DFT) simulation 
analyses were performed to study the interac- 
tion between the perovskite surface and FcTc. 
molecules. We chose the (001) PbI,-terminated 
perovskite surface as a model because it has 
been proven to be stable and to have the 
lowest energy configuration. Starting from the 
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ordered interface, we observed enhanced bond- 
ing of O from FcTc, with Pb from the perov- 
skite surface within a few picoseconds (Fig. 1, 
F and G). With the interfacial rearrangement, 
the molecular dynamics reach a stable equi- 
librium state in which the bond length of Pb-O 
was simulated to be 2.65 A (Fig. 1H). The elec- 
trostatic potential (ESP) analysis (fig. S7) indi- 
cated a high electronegativity (-29.79 kcal mol”) 
of O in FcTcs, driving the formation of stable 
Pb-O bonds and substantially enhancing the 
electrostatic attraction between the perovskite 
and FcTc, interface. XPS analysis combined 
with DFT simulation proves that there is a 
strong interaction between perovskite and 
FeTc., which is beneficial for both passivation 
of surface defects and stabilization of surface 
components in perovskite (7, 8). 

To study the effect of FcTc, on the electrical 
properties of perovskite films, we conducted 
kelvin probe force microscopy (KPFM) mea- 
surements to examine the surface potential of 
the films (Fig. 2, A and B). The perovskite film 
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functionalized by FcTc, exhibited a decreased 
contact potential (~50 mV) relative to that of 
the control sample, which suggests direct in- 
teraction and surface charge transfer between 
FcTc,. and perovskite (18). Moreover, FcTc.- 
functionalized perovskite displayed a smaller 
potential distribution and surface potential 
difference (~150 mV) compared with that 
of the control sample (~250 mV). A uniform 
distribution of surface contact potential was 
beneficial for effective charge carrier extraction 
to prevent nonradiative recombination (19, 20). 
The carrier kinetics characterization (figs. S8 
and S9) on the perovskite-ETL interface further 
verifies the accelerated electron extraction with 
FcTc, modification, which can be attributed to 
the ferrocene and thiophene units (2/7, 22). 
Time-resolved photoluminescence (TRPL) 
spectra were measured to evaluate the non- 
radiative recombination of perovskite films 
(Fig. 2C). The carrier lifetime nearly doubled 
from 1166.74 to 2159.22 ns after incorporating 
FcTc, (the fitted carrier lifetime is summarized 
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Fig. 2. Characterization of film surface properties. (A and B) Surface 
potential images were obtained by scanning KPFM of the control and FcTc2- 
treated perovskite films. The statistical potential distributions of film surfaces 
are shown at the bottom. CPD, contact potential difference. (C) TRPL 
characterization of control and FcTcz-treated perovskite films. PL, photo- 


in table S1), which is consistent with enhanced 
steady-state photoluminescence intensity (fig. 
$10), indicating reduced numbers of nonradia- 
tive recombination centers from the surface 
defects. Additionally, the space charge-limited 
current (SCLC) measurements (fig. S12) fur- 
ther confirm the decreased defect density 
through FcTc, modification. 

In triple-cation mixed-halide perovskite, the 
chemically reactive components, such as MA* 
and I at the perovskite surface, can easily 
volatilize and migrate through photo- and 
thermal effects. The surface trap states gener- 
ate decreased photovoltaic performance deg- 
radation (23, 24). To estimate the effect of 
FcTc, on perovskite stability, the MA* cations 
of the control and FcTc,-functionalized perov- 
skite films were probed by peak force infrared 
(PFIR) microscopy under illumination and 
heat conditions (20). The Fourier transform 
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infrared (FTIR) spectroscopy spectra of the 
perovskite films confirmed that the signal of 
the MA ions in perovskite is distinct and read- 
ily resolved (fig. S13). PFIR mapping showed 
that the intensity and distribution of MA* ca- 
tions in the FcTc,-treated sample were well 
maintained after aging for 1000 hours (Fig. 2, 
D and F), whereas the control sample exhib- 
ited substantial reduction of intensity and 
broadening of distribution of the MA signal 
(Fig. 2, E and G). These results indicate that 
FcTc, can prevent surface ions from migration 
to produce a more uniform and stable surface 
component distribution (Fig. 2H) (25). By con- 
trast, ion migration and volatilization were 
more prone to occur in the control films, re- 
sulting in increased surface defects and affect- 
ing the operational stability of perovskite 
devices (fig. S14). Measuring the perovskite 
films after >1000 hours separately under con- 


oo. we 


th 4h 08 


Ww try an, -48# 


luminescence. (D to G) PFIR microscopy at an infrared (IR) frequency of 1480 cm™ 
| (which is resonant with the C-N stretching absorption of MA* ions) of control [(D) 
and (F)] and FcTcz-modified perovskite films [(E) and (G)] before (Bef.) and after 
(Aft.) illumination at 85°C for 1000 hours. (H) Schematic illustration of the 
stabilization of surface ions by FcTc2. T, temperature; hv, photon energy. 


tinuous 1-sun illumination or heating at 85°C 
also confirmed the stabilization effects of FcTc. 
on perovskite (figs. S15 and S16). 

Figure 3A shows the current density-voltage 
(U-V) curves for control and FcTc,-functionalized 
devices under AM1.5G simulated solar illumi- 
nation, in which the concentration of FcTc. 
was optimized to be 1.0 mg ml’ to obtain the 
best performance (figs. S17 and S18 and table 
$2). The control device exhibited a maximum 
PCE of 23.0%, with an open-circuit voltage 
(Voc) of 1.13 V, a short-circuit current density 
(sc) of 25.25 mA cm, and a fill factor (FF) of 
80.45%. Compared with the control device, the 
FcTc,-functionalized device exhibited an en- 
hanced PCE of 25.0%, with an increased Voc of 
1.184 V, a Jgc of 25.68 mA cm™, and an FF of 
82.32% with a low hysteresis (fig. S19). Corre- 
sponding external quantum efficiency (EQE) 
spectra (Fig. 3B) yielded integrated Jsc values 
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Fig. 3. Photovoltaic performance of PSCs. (A) J-V curves of the best- 
performing devices with and without FcTcs. (B) EQE spectra and integrated 
current densities of the best-performing devices with and without FcTco. 

(C) Stabilized power output at the MPP for the best-performing PSCs treated 


with FcTc2. (D) Histogram of the PCE values among 30 devices with and without 
FeTco. (E) EQE¢, values of the PSCs with and without FcTc2 operating in light- 
emitting diode (LED) mode under different voltages. (F) EL spectra of the 
FcTc2-based PSC operating as an LED. 


with a small variation from the values ob- 
tained from J-V measurements. FcTc»-treated 
devices were also measured at the maximum 
power point (MPP) to obtain a stabilized photo- 
current of 23.68 mA cm™~” and a stabilized PCE 
of 24.2% (Fig. 3C). One of the best-performing 
devices was validated by an independent solar 
cell-accredited laboratory (National Institute 
of Metrology, China) for certification, where 
a PCE of 24.3% (with Voc = 1.179 V, Jsc 
25.59 mA cm~”, and FF = 80.60%) was con- 
firmed (fig. S20), which is the highest certified 
efficiency among all inverted PSCs to date 
(table S3). The PCEs also exhibited a satisfying 
reproducibility, with an average PCE of 22.5% 
for the control device and 24.5% for the FcTc,- 
based device (Fig. 3D). The particular effec- 
tiveness of FcTc, is further verified in figs. S21 
to S24 and table S4. 

Additionally, we conducted quantitative 
analysis of the photovoltage loss (Voc loss) for 
the control and FcTc,-treated devices accord- 
ing to detailed balance theory (26). The EQEg;, 
values of 1.5 and 7.0% for the control device 
and the device with FcTcs, respectively, could 
be obtained from electroluminescence (EL) 
spectra (Fig. 3, E and F), leading to 108.57 
and 68.75 mV of AV3 (Voc loss from the non- 
radiative recombination), respectively. The 
relative lower AV3 suggests that FcTc. sup- 
presses nonradiative recombination as an 
interfacial modifier. The values of the three 
components of Voc loss (AV;, AVz, and AV3) 
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are calculated in the supplementary text and 
summarized in table S5. A Voc loss of 363 mV 
is one of the lowest values reported among 
inverted PSCs (6, 26). 

To investigate the effect of FcTc,. functional- 
ization on device stability, the efficiency evo- 
lution under various conditions was monitored. 
We first examined the long-term operational 
stability of unencapsulated devices by loading 
at MPP voltage under continuous 1-sun illu- 
mination in an N. atmosphere (Fig. 4A). The 
FcTc.-functionalized device retained its initial 
PCE in the first 200 hours and only exhibited 
a decay of <2% after >1500 hours. In compa- 
rison, the control device decreased to 72% of 
its initial PCE. We further measured the stab- 
ility of unencapsulated devices under heat and 
ambient conditions. As shown in figs. S27 
and $28, the performance of the control de- 
vices dropped to <80% of the initial efficiency 
after >800 hours. By contrast, the FcTc- 
functionalized devices showed a T98 (time to 
98% of initial PCE) of 2000 hours under an 
ambient environment and 1500 hours under 
continuous heating. Because the chemically 
reactive components (such as MA* and I’) at 
the perovskite surface can readily volatilize 
and migrate through photo-, humidity, and 
thermal degradation (27, 28), we inferred that 
FcTc,. enhances stability through the forma- 
tion of additional bonding with perovskite 
surface ions and prevents any easily mobile 
ions from migration. 

Additionally, we conducted strict stability 
measurements following the IEC61215:2016 
standard, which is the most-used international 
standard for mature photovoltaic technolo- 
gies. As shown in Fig. 4B, the FcTc,-modified 
devices exhibited a T95 of >1000 hours under 
the damp heat test (85°C and 85% RH) and 
thus successfully passed the main point of 
TEC61215:2016 qualification for damp and heat 
conditions. Moreover, under the cycle shocks 
of cold (-40°C) and heat (85°C) shown in 
Fig. 4C, >85% PCE was retained after 200 cy- 
cles for the FcTc,-modified devices, outper- 
forming the control devices (40% PCE retained 
after 200 cycles). Taken together, these data 
indicate that FcTc.-functionalized PSC devi- 
ces exhibit excellent efficiency and stability 
and have the potential to move toward com- 
mercialization and rival traditional silicon 
solar cells. 
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Rapid evolution in salmon life history induced by 
direct and indirect effects of fishing 


Y. Czorlich’?*4, T. Aykanat®, J. Erkinaro’, P. Orell, C. R. Primmer?>* 


Understanding the drivers of evolution is a fundamental aim in biology. However, identifying the 
evolutionary impacts of human activities is challenging because of a lack of temporal data and limited 
knowledge of the genetic basis of most traits. Here, we identify the drivers of evolution toward 
maturity at an earlier age in Atlantic salmon through two types of fisheries-induced evolution acting in 
opposing directions: an indirect effect linked with harvest of a salmon prey species (capelin) at sea 
(selection against late maturation) and a direct effect due to net fishing in rivers (selection against early 
maturation). Because capelin are harvested as an aquaculture feed protein source, we hereby determine 
an indirect path by which salmon aquaculture may influence wild salmon populations. 


ndirect ecological effects (e.g., a third spe- 
cies mediating the impact of one species 
on another) (J) and their evolutionary im- 
pacts have often been neglected in studies 
of natural populations. For instance, fish- 
ing can induce evolution of traits such as size 
and age at maturity in the target species (2, 3) 
but may also induce larger, ecosystem-level 
changes, some of which may be indirect. How- 
ever, cases demonstrating direct effects at the 
genetic level are rare, as are empirical exam- 
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ples of the indirect evolutionary impacts of 
fishing (2, 4). Knowledge of indirect ecological 
and evolutionary effects is critical for properly 
evaluating the consequences of different fish- 
eries management strategies (5). 

Atlantic salmon (Salmo salar) have a com- 
plex life history, utilizing both freshwater and 
marine habitats, and thus affect and are affected 
by multiple ecosystems (6). Sea age is defined as 
the number of years an individual spends in a 
marine environment before returning to fresh 
water to spawn. In Atlantic salmon, sea age at 
maturity is an important life history trait that 
exhibits an evolutionary trade-off between sur- 
vival and reproduction. Individuals that mature 
later are larger and have higher reproductive 
success (7) but run a higher risk of mortality 
before spawning. Age at maturity has been as- 
sociated with a major effect locus in the ge- 
nome region that includes the vgll3 gene and 
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Fig. 1. Standardized regression coefficients for 
variables significantly associated with vgll3*L 
odds (later and larger maturation). The estimates 
come from the (A) initial quasi-binomial model, 

(B) detrended (Det) model, and (C) Monte Carlo 
Method for assessing mediation (i.e., indirect effects). 
The dotted line indicates no effect on vgil3*L odds. 
The error bars correspond to 95% Cls. 


explains 40% of the variation in the trait (8). 
Adaptive evolution toward younger age at 
maturity at the vgl/3 locus over the course 
of 40 years has previously been demonstra- 
ted in a large Atlantic salmon population 
from the Teno River (Deatnu in Sami, Tana in 
Norwegian) in northern Europe (9), but the 
environmental drivers of evolution in age at 
maturity were not identified. 

We investigated ecological and environmen- 
tal variables that potentially affect the relative 
fitness of salmon with different maturation 
ages (and therefore sizes) from the same river; 
these variables include fishing effort at sea, 
fishing effort in the river, sea temperature, 
and the average biomass of three key prey 
species [capelin (Mallotus villosus), herring 
(Clupea harengus), and krill; fig. S1] available 
during the years each salmon spent in the 
Barents Sea ecosystem. We used individual- 
based quasi-binomial generalized linear mod- 
els (GLMs) to identify environmental variables 
linked with temporal variation in vgiJ3 allele 
frequencies (10) and thereby age at maturity 
in a 40-year time series (1975-2014) consist- 
ing of 1319 individuals genetically assigned 
to the Tenojoki population (hereafter, Teno) 
in the middle reaches of the mainstem of the 
Teno river system (9). These analyses indicate 
that annual number of riverine net-fishing li- 
censes (a proxy for annual fishing pressure) 
had the strongest effect of the abovementioned 
variables on vgll3 allele frequency (Fig. 1). 
Notably, annual riverine fishing pressure was 
positively associated with the vgll3*L allele 
frequency (standardized regression coefficient 
[B* = 0.42, F, = 27.79, and P value < 0.001], 
indicating that higher net fishing pressure 
in the river was associated with higher fre- 
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Fig. 2. Temporal changes in 
vgll3*L (later maturation) allele 
frequency. The black dotted line 
represents the observed data, 
the red line represents the allele 
frequency estimated from the 
final model including the direct 
and indirect effects of fishing, 
and the blue line represents the 
expected vgil3*L allele frequency 
assuming no capelin fishing 
(annual effect on returning 
salmon). Black arrows indicate 
years when there was a moratorium 
on capelin harvesting (harvest 
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rate <0.5 %). As vgil3 allele frequencies are based on hatch date, capelin fishing closures are expected to 
influence vgll3 allele frequencies of salmon hatching a few years earlier than the fishing closures, as a 
result of salmon spending 3 to 5 years in fresh water before migrating to the sea. Shaded areas indicate 
95% bootstrap intervals based on 3000 replicates (see materials and methods for details). 


quencies of the allele associated with later 
maturation in salmon and therefore larger 
sizes (table S1). We verified the results by de- 
trending the data (using a residual regression 
approach) to account for potentially confound- 
ing factors creating temporal trends between 
the dependent and independent variables 
and thus avoid possible spurious associations 
(11). The association between annual net fish- 
ing license numbers and vgll3 remained in 
the detrended model and included a signif- 
icant and negative year effect, indicating that 
fishing pressure is also linked to annual vgll3 
allele frequency changes around the trend 
[8° = 0.17, F() = 14.15, and P value < 0.001; 
Fig. 1 and table S1]. Capelin biomass in the 
Barents Sea was also positively associated 
with the frequency of the vgill3 allele asso- 
ciated with later maturation and larger size 
(ogll3*L) in salmon in both the normal [B* = 
0.23, FQ) = 20.77, and P value < 0.001] and 
detrended models [B* = 0.14, F() = 10.64, and 
P value = 0.001; table S1]. Herring and krill 
biomass also had a significant effect on vgll3 
allele frequencies in a similar direction to 
capelin (Fig. 1 and table S1); however, these 
effects did not remain significant in the de- 
trended model. There was little evidence for 
associations between the other variables and 
ogll3 in the GLM (rod fishing licenses in the 
river, Barents Sea temperature, and net fishing 
at sea; table S1). 

Analyses at the phenotypic level indirectly 
support the influence of prey biomass and 
fishing on Teno salmon fitness. After control- 
ling for the vgll3 sex-specific genetic effects, a 
multinomial model indicates that the propor- 
tion of older, later-maturing Atlantic salmon 
in the river increases as capelin, herring, and 
krill biomass increases (table S2). This result 
is expected if the abundance of these prey 
species is positively associated with salmon 
survival at sea, as only those that return to the 
river are sampled. However, it can also reflect 


plastic changes in maturation probabilities. 
This model also shows that a higher number 
of riverine net-fishing licenses is associated 
with a higher proportion of late-maturing 
salmon observed at the end of the fishing 
season (table S2), which is expected if net 
fishing targeted preferentially small, early- 
maturing salmon. Given that sea age at ma- 
turity of Teno females is considerably higher 
on average than that of males and therefore 
time spent in the marine environment is longer 
(2.8 years for females versus 1.5 years for males), 
environmental conditions that strongly affect 
marine survival are also expected to influence 
the sex ratio of adults returning from their 
migration to spawn. In accordance with this 
prediction, a binomial model showed that the 
proportion of returning females increased with 
prey biomass and riverine net fishing (fig. S2 
and table S3). The effects of riverine net fishing 
on sex ratio and age at maturity probability, 
however, were not significant in the detrended 
regressions (tables S2 and S3). 

Forage fishes such as capelin play important 
roles in marine ecosystems by enabling energy 
transfer between upper trophic levels (preda- 
tors such as large fish, seabirds, and mam- 
mals) and lower trophic levels (plankton) (72). 
In the Barents Sea, the capelin stock exper- 
ienced several substantial collapses over the 
course of the 40-year study period (fig. S3) as 
a result of overexploitation in commercial 
fisheries combined with predation by herring 
and cod (fig. S4) (73). We therefore quantified 
the potential indirect effects of capelin har- 
vesting (while accounting for other ecosys- 
tem interactions) on vgill3 allele frequency 
dynamics using a multispecies Gompertz 
model developed by Langangen et al. (14) 
(figs. S1, S3, and S4). The analysis indicated 
a significant indirect effect of capelin harvest 
rate on evolution in age at maturity in Teno 
salmon, with a 30% decrease in the vgll3*L 
allele odds per harvest rate unit [Monte Carlo 
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Fig. 3. Predicted variation 
of net fishing-induced 
selection over 40 years in 
Teno salmon as a function 
of harvest rate. The selec- 
tion coefficient corresponds 
to the difference in relative 
survival between vgll3*EE 
and vgll3*LL. Calculations 
are based on capture prob- 
abilities (with harvest rates 
ranging from 40 to 60% of 
returning individuals) as a 
function of length, using 
sonar data in 2018 and 
2019. It accounts for the 
sex-specific vgll3 associa- 
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tion with length during the study period, temporal variation in sex ratio, and relative use of weirs, drift nets, 
and gill nets. The shaded area represents 95% Cls based on 6000 iterations. 


method for assessing mediation; confidence 
interval (CI): 95% = (0.116 to 0.471)]. The evo- 
lutionary effect of capelin harvest was stron- 
gest during the early years of the time series, 
likely because of repeated capelin fishery 
closures and fishing effort reduction after 
the capelin stock collapses (Fig. 2 and fig. S5A). 
This is the same time period when most of the 
evolutionary changes in age at maturity for 
males occurred (9). However, by reducing the 
ogll3*L allele frequency in adults that return 
to reproduce, the indirect fishing effect (Fig. 2) 
is also expected to influence the allele fre- 
quency of offspring in the next generation 
due to the lower vgll3*L allele frequency in 
the breeding adults. 

The direction of selection pressure in riverine 
net fishing may seem counterintuitive, as net 
fishing is generally thought to select against 
large individuals (15, 16). However, net fishing 
in the Teno river includes the use of multiple 
net types with different selectivity: weirs, gill 
nets, and drift nets (17). To estimate the size 
selectivity of different fishing gear types, we 
compared the size distribution of salmon 
caught with each type during the fishing 
period in June and July of 2018 and 2019 with 
the size distribution of ascending salmon 
obtained from a sonar count in the river 
during the same period. This analysis indi- 
cates that weir fishing selects against the early 
maturation allele (vgll3*E) by capturing a 
higher proportion of smaller and earlier- 
maturing individuals, whereas drift-net and 
gill-net fishing select against the vgll3*L 
allele (figs. S6 and S7). Discussions with In- 
digenous Sami fishers with decades of net- 
fishing experience revealed that the tendency 
for weirs to preferentially capture younger, 
smaller individuals could potentially arise 
from several factors, including the positioning 
of weirs primarily in shallower waters, smaller 
mesh size, and/or the timing of use during the 
fishing season (18). The positive effect of river- 
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ine net license number (including all net types) 
on vgll3*L allele frequency may thus be ex- 
plained by the predominant use of weirs, 
the most selective fishing method (represent- 
ing 54% of net catches on average). Over the 
time series, net-fishing effort declined consid- 
erably as a result of stricter fishing regulations 
in addition to a decrease in the number of In- 
digenous fishers using weirs (for example, 
both net-fishing licenses and number of weirs 
were >30% lower in 2014 versus 1976; fig. S5B). 
In addition to a decline in net-fishing effort, 
temporal changes in other factors may have 
resulted in a decrease in size selectivity of net 
fishing, including changes in the relative use of 
different fishing gear and changes in salmon 
size distribution and sex ratio (Fig. 3). Conse- 
quently, net-fishing selective pressure against 
the vgll3*E allele is expected to have declined 
during the time series, which has likely resulted 
in improved riverine survival of early-maturing 
salmon relative to older individuals. Overall, 
the extra mortality of late-maturing vgll3*L 
individuals at sea was not sufficiently com- 
pensated by their size-induced survival ad- 
vantage as a result of riverine net fishing 
(decreasing over time) nor their reproductive 
advantage due to larger size (7), thus resulting 
in an overall fitness loss and leading to the 
observed overall decrease in vgll3*L allele 
frequency (Fig. 2). 

Using an ecosystem-level approach, we pro- 
vide an example in which both direct and 
indirect fishing effects have contributed to 
fisheries-induced evolution. Minimizing this 
type of evolution is generally recommended, 
as adaptation of populations to fishing can 
hinder adaptation to their natural environ- 
ment and may be costly in the long run (19-21). 
However, ongoing socioeconomic issues may 
limit opportunities for major changes in fish- 
ing regulations to alter harvest rates to mini- 
mize fisheries-induced evolution (21). In the 
Teno river valley, for instance, salmon fishing is 


a key source of income for locals through fish- 
ing tourism as well as the foundation of the 
Indigenous Sami culture and identity, and re- 
strictive fisheries regulations can be contro- 
versial (22). The varying selectivity of different 
net types may provide a means to manage the 
selection pressures exerted by fishing on the 
different ages at maturity and genotypes— 
for example, by regulating the relative use of 
different types of fishing gear. Collection of ad- 
ditional data such as additional years of genetic 
stock assignment and sonar counting, as well 
as the development of models coupling pop- 
ulation dynamics and evolutionary genetics, 
would be required before implementation. 
Such models would also help in identify- 
ing selection driven by factors such as fishing 
at a constant harvest rate that cannot be 
detected using regressions; such models 
would also help in determining the impact 
of fisheries-induced selection on population 
growth rate. Commercial harvest of capelin 
appears to have indirectly induced evolu- 
tion of Atlantic salmon age at maturity toward 
younger, smaller individuals. Several studies 
have noted the potential for fisheries to induce 
ecological effects beyond the target species 
(23). However, evolutionary effects have not 
been demonstrated earlier (2, 4). Our study 
also has implications of a more applied 
nature: ~90% of forage fish catch is used for 
fish oil and fishmeal to feed farmed animals 
(72) and salmonid fish aquaculture is the 
fourth-highest consumer (24). In 2012, for 
instance, 75,800 tons of capelin were used in 
Norwegian aquaculture salmon feed (repre- 
senting 15% of the marine ingredients) (25). 
Our results therefore identify an indirect path 
by which Atlantic salmon aquaculture can 
affect wild populations of the same species 
and emphasize the importance of identifying 
alternative, sustainable protein sources for the 
aquaculture industry. 
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Nurturing my ambitions 


ou should apply!” my mentor exclaimed as they slid the job description across the table. It was 

for a tenure-track appointment—a position that had been my driving ambition—in the depart- 

ment where I had completed my Ph.D. Professionally, the timing was perfect: My postdoctoral 

training had expanded my skill set and I had recently received a great score on a grant applica- 

tion, poising me to return to my old digs with a unique niche and the proven ability to fund it. 

Personally, however, I wasn’t sure. My two children were both under 3 years old and my current 
position—a research faculty appointment in a supportive team science environment—provided much- 
needed stability and flexibility. It was time to truly examine my ambitions. 


For the previous year, I had been 
wrestling with a nebulous but in- 
escapable sense of unease. My 
work was meaningful and engag- 
ing, but something felt off. The 
wheels in my mind were always 
turning, mapping out future stud- 
ies, career advancement, and policy 
consequences of my research. But 
instead of feeling invigorated and 
stimulated, I would wake up at night 
sweating protocol details, leaving me 
impatient and distracted the next 
day. My infant experienced birds, 
flowers, and trees with unwavering 
gusto when we went on walks, but 
I was distracted, fixated on study 
design. I found myself neglecting 
my meditation and yoga practice— 
crucial routines for managing my 
chronic pain—to spend more time 
working. As time went on, so did my 
feeling of sleepwalking through life. 

This discomfort crystallized one fine summer day when 
I heard a podcast about workism, the doctrine that em- 
ployment should provide identity, purpose, and commu- 
nity. In a flash of embarrassed comprehension, I realized 
this term described much of how I had approached my 
post-Ph.D. life. I viewed studies, grants, collaborations, 
and impact as integral to my identity rather than to my 
job, equating personal worth with professional successes. 
I followed my self-care routines largely to ensure I was 
well enough to maximize academic productivity. Because 
there was always more work to be done, I felt I never mea- 
sured up. Put simply, my professional mask was too sticky. 
I feared it might become permanently stuck. 

I vowed to change course. I began small, working on 
taking deep breaths throughout the day to stay centered 
and paying more attention to my internal life. When I fell 
into an incessant thought loop about work, I would try 


“T’ve learned to slow down, 
he gentle with myself, 
and prioritize relationships.” 


to focus on a compassionate man- 
tra: “I am enough. I am enough. I 
am enough.” These practices felt 
grounding, but work kept derail- 
ing my efforts to return to yoga 
and meditation. I still wasn’t quite 
where I wanted to be. 

Then, the tenure-track oppor- 
tunity arose, and I was torn. Al- 
though the changes I had made 
helped me understand the pat- 
terns I wanted to move away from, 
parts of me were still attracted to 
the position. I agonized for weeks, 
talking with anyone who would 
listen and tossing and turning 
at night. 

I ultimately decided not to ap- 
ply. It was tough to let the oppor- 
tunity go, but I’m at peace with 
it. I haven’t abandoned ambition; 
I have expanded it to encompass 
physical, emotional, spiritual, and 
familial goals. I recommitted to yoga and meditation 
through my personal practice and occasional teaching. My 
wife and I have devoted ourselves to putting down deeper 
roots and cultivating a loving, thoughtful community—a 
“village” for our family. I savor how I’ve learned to slow 
down, be gentle with myself, and prioritize relationships— 
all of which leaves me more fulfilled. 

As my relationship with ambition evolves, I keep return- 
ing to the word “alignment,” which my favorite definition 
describes as “proper positioning ... of parts in relation to 
each other.’ I suspect that aligning my ambitions will be a 
lifelong effort. By working to channel my attention toward 
what really matters to me, I hope to find appropriate bal- 
ance for the different life phases to come. 


Kevin F. Boehnke is a research investigator at the University of Michigan, 
Ann Arbor. Send your career story to SciCareerEditor@aaas.org. 
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